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A-INTRODU  CTION 

The  focus  of  the  FCCC  Institutional  Breast  Cancer  Training  Program  (IBCTP)  is  to  integrate  the 
unique  talents  and  interests  of  the  Center’s  basic  scientists,  clinical  investigators  and  behavioral 
scientists  to  create  a  comprehensive  effort  to  approach  the  problems  of  breast  cancer.  The  rich 
scientific  and  intellectual  environment  of  FCCC  is  nurtured  by  a  cohesive  interdisciplinary  program 
that  is  based  on  expertise  in  areas  of  high  relevance  to  breast  cancer.  The  Institutional  Breast  Cancer 
Training  Program  offers  to  the  postdoctoral  trainees  practical  experience  in  the  fields  of  cellular  and 
molecular  biology,  drug  resistance  and  targeted  immunotherapy,  genetic  epidemiology  and  control, 
psychosocial  and  behavioral  medicine,  as  well  as  breast  cancer  prevention,  diagnosis,  and  treatment. 

B-BODY 

B-l  Organization  of  the  FCCC-Institutional  Breast  Cancer  Training  Program.  Following  our 
statement  of  work  we  have  accomplished  the  following  tasks: 

Tasks4-7.  During  the  fourth  year  of  the  grant  awarded  we  have  been  implementing  the  training 
phase  of  the  program  by  monitoring  each  of  the  individual  projects.  The  trainees  have  been  attending 
at  least  one  general  lecture  a  week  from  those  offered  by  the  Fox  Chase  Cancer  Center  and  a  special 
seminar  targeted  to  the  formation  of  the  trainees  addressing  critical  subjects  in  breast  cancer.  We 
have  established  a  half-day  seminar  twice  a  year  in  which  the  trainees  present  their  work  in  front  of 
the  Faculty  and  the  Advisory  Panel. 

Task  8.  In  this  last  year  of  the  program  that  ends  in  June  30  of  2004  (for  Dr.  S.  Fernandez),  we 
have  requested  and  additional  six  months  extension  for  allowing  the  completion  of  the  program  of 
those  trainees  (Drs  E.  Pugacheva,  X.  Li  and  H.  You)  that  started  in  January  1,  2003.  During  this 
period  the  main  emphasis  has  been  and  will  be  the  data  collection,  analysis  and  preparation  of 
abstracts  and  manuscripts.  This  will  be  an  indicator  of  the  success  of  our  training  program. 
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B-ii- .  Predisposition  to  genomic  instability  in  breast  cancer:  analysis  of  molecular  mechanisms. 


Trainee:  Elena  Pugacheva,  PhD 

Mentor:  Erica  Golemis,  Ph.D. 

Period  reported:  August  1 , 2003  -  to  June  30, 2004 

Introduction: 

The  goal  of  this  research  is  to  better  understand  intrinsic  genetic  factors  leading  to  genome  instability, 
with  the  intent  of  improving  diagnosis  and  treatment  for  breast  cancer.  Based  on  our  extensive 
preliminary  data,  which  define  HEF1  and  pl30Cas  as  novel  factors  controlling  centrosome  dynamics 
and  spindle  formation,  we  are  exploring  HEF1  and  pl30Cas  status  as  contributing  factors  to 
acquisition  of  a  malignant  phenotype  and  drug  resistance  in  breast  cancer. 

Background. 

The  HEF1  scaffolding  protein  has  a  well-defined  role  in  mediating  integrin-dependent  attachment 
signaling  at  focal  adhesions.  We  had  previously  shown  that  HEF1  relocalizes  to  the  spindle  asters  at 
mitosis,  but  the  significance  of  this  migration  was  unclear.  We  here  report  that  HEF1  status  controls 
mitotic  spindle  formation  through  action  at  centrosomes  in  the  G2  phase  of  cell  cycle.  We  have 
demonstrated  that  increased  levels  of  HEF1  cause  the  development  of  supernumerary  centrosomes, 
and  a  multipolar  spindle.  Conversely,  depletion  of  HEF1,  or  over  expression  of  a  dominant-negative 
HEF1  derivative,  results  in  premature  centrosome  splitting  and  frequent  appearance  of  monoastral 
spindles.  Association  of  endogenous  HEF1  with  the  centrosome  peaks  in  late  G2  phase  of  cell  cycle, 
and  is  followed  by  HEF1  movement  from  the  centrosome  to  the  spindle.  We  show  that  HEF1  controls 
recruitment  of  activated  Aurora  A  kinase  to  the  centrosome,  in  an  interaction  involving  association 
with  the  AurA  activation  partner  Ajuba.  In  summary,  these  results  provide  a  novel  mechanism  for  the 
coordination  of  cell  attachment  status  with  cell  division  which  malfunctions  in  tumor  cells. 

Aims  of  our  study  are:  1-  To  delineate  HEF1  sequence  motifs  responsible  for  delivery  of  the  protein 
to  the  centrosome  and  to  the  mitotic  spindle.  2-  Identify  the  proteins  interacting  with  HEF1  during 
onset  of  mitosis  and  modulating  HEF1  localization.  3-To  investigate  how  phosphorylation  of  HEF1 
affects  the  localization  of  the  HEF1  protein  to  the  mitotic  apparatus.  4-To  clarify  the  relation  between 
HEF1  and  the  closely  related  pl30Cas  protein  in  the  regulation  of  centrosome  dynamics  in  tumor  and 
normal  breast  epithelial  cells. 

Results 

i.  Localization  ofHEFl  to  the  centrosome. 

We  are  exploring  the  function  ofHEFl  in  mitosis.  We  believe  phosphorylation  ofHEFl  is  an 
important  controlling  mechanism  governing  HEF1  mitotic  localization  and  interaction  with  target 
proteins.  We  have  identified  potential  phosphorylation  sites  on  HEF1  for  cdc2/cyclin  B  and  GSK3- 
beta,  kinases  that  play  pivotal  roles  in  mitotic  progression.  We  are  currently  investigating  the 
significance  of  interactions  of  HEF1  with  these  kinases  for  the  observed  phenotypes  induced  by 
HEF1  on  the  spindle  and  centrosomes. 

Using  HEF1 -specific  antibodies  in  high  resolution  confocal  and  immunofluorescence  analysis,  we 
have  now  determined  that  a  population  of  endogenous  HEF1  associates  with  the  centrosome.  Using  a 
set  of  deletion  mutants  of  the  HEF1  protein  (Fig.  la.)  we  have  delineated  the  exact  region  responsible 
for  the  delivery  ofHEFl  to  the  centrosome  (compare  clone  p55  and  p55+).  This  31  aa  fragment  of 
HEF1  consists  of  18  Ser/Thr  residues  which  are  highly  phosphorylated  during  mitosis.  Four  potential 
consensus  phosphorylation  sites  for  the  GSK3-beta  kinase  were  identified  in  this  region  by  the 
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NetPhos  2.0  program  (Fig.  lb).  In  immunofluorescence  assays,  we  showed  that  the  mutations  in  the 
crucial  serine  residues  (S371,  S386,  S391)  in  three  out  of  four  identified  consensuses  completely 
prevent  (abolished)  delivery  of  HEF1  to  the  centrosome,  but  do  not  interfere  with  localization  of 
HEF1  to  the  focal  adhesion  (Figl.c). 


HEF1  fragments  containing  or  lacking  this  motif  were  used  in  in  vitro  kinase  assays, 
indicating  that  this  motif  is  important  for  phosphorylation  by  GSK3-beta  (Fig2.b).  It  is  possible,  that 
GSK3b  dependent  phosphorylation  of  HEF1  accrue  at  the  beginning  of  mitosis,  since  we  have  shown 
in  vivo  analysis  that  two  well  characterized  inhibitors  of  GSK3-beta  kinase  (LiCl  or  thiadiazolidinone 
(Calbiochem)),  caused  reduction  of  endogenous  HEF1  levels  in  cells.  (Fig2.a). 


Figure  2.  HEFlis  a  potential  GSK3b  phosphorylation  target,  a.  Western  analysis  of  MCF-7  cells  treated  (+)  or 
untreated  (-)  with  specific  GSK3b  inhibitor  (Calbiochem).  Thymidine  and  nocodazole  treated  cells  were  used  for  analysis 
of  G1  and  G2/M  population  of  cells.  (3-actin  was  shown  as  a  loading  control,  b.  In  vitro  kinase  assay  with  GSK3-beta 
kinase,  using  the  HEF1  variants  presented  in  Figla.  Coomassie  staining  indicates  equal  loading  of  proteins  in  the  assay. 
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ii.  HEFlis  involved  in  and  required  for  the  centrosomal  accumulation  of  phosphorylated  AuroraA 
kinase 

As  we  have  previously  reported,  manipulation  of  the  levels  of  HEF1  or  pl30Cas  leads  to  profound 
changes  in  centrosome  integrity  and  dynamics.  Over-expression  of  HEF1,  or  stabilization  of 
endogenous  HEF1  at  mitosis  with  targeted  peptides,  in  each  case  result  in  centrosome  amplification, 
with  cells  containing  in  excess  of  4  centrosomes.  In  contrast,  depletion  of  HEF1  resulted  in  a  separate 
centrosome  defect:  the  premature  splitting  of  the  centrosomes  in  >70%  of  the  cell  population 
(manuscript  in  preparation).  Intriguingly,  the  two  phenotypes  associated  with  over-expressed  HEF1 
are  very  similar  to  those  reported  for  Aurora  A  kinase  in  breast  carcinoma  (1,2).  Initial  activation  of 
cyclin  B1  at  mitosis  has  been  proposed  to  depend  on  an  initial  recruitment  of  activated  AurA  kinase 
to  the  centrosome  in  late  G2,  following  AurA  interaction  with  the  LIM  domain  protein  Ajuba  (3).  We 
investigated  the  interactions  of  HEF1,  Aurora  A  and  Ajuba. 
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G1 

sc  siHEFI 
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Figure  3. .  HEF1  is  required  for  the  centrosomal  accumulation  of  phosphorylated  AuroraA  kinase  a. 
and  C.  Immunofluorescence  of  cells  transfected  with  small  interfering  RNA  against  HEF1  (siHEFI)  or  scrambled  control 
oligo  (a,  c),  or  siRNA  to  Aurora  or  Ajuba  (c).  b.  Western  analysis  of  the  siHEFI  treated  cells  with  the  antibody  against 
phosphorylated  active  Aurora,  Aurora  (total),  cyclin  B  to  confirm  the  cell  cycle  stage,  HEF1,  or  an  actin  loading  control,  d. 
Western  analysis  of  the  siAurora  or  siAjuba  treated  cells  with  the  antibody  HEF1,  Phospho- Aurora,  Aurora  total  and  actin 
as  loading  control,  e.  Western  blot  analysis  of  the  sc-oligo,  siHEFI,  siAurora  or  siAjuba  treated  cells  in  the  presence  (+)  or 
absence  (-)  of  lactacystin  (Sigma),  using  antibody  against  Aurora  (total),  pl30Cas  and  HEF1. 
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For  all  experiments  we  used  cells  synchronized  at  different  stages  of  cell  cycle,  to 
discriminate  mitosis-specific  activities  of  HEF1.  To  synchronize  cells  at  G1  we  applied  a  2mM 
thymidine  solution  to  MCF-7  cells  for  18  hours  and  confirmed  the  accumulation  of  cells  in  the  G1 
phase  by  FACS  analysis  (data  not  shown).  Nocodazole  treatment  was  used  to  synchronize  cells  at 
G2/M  boundary.  Through  immunofluorescence  and  Western  blot  analysis  of  synchronized  breast 
carcinoma  cell  lines  (MCF-7  and  others),  we  have  found  that  HEF1  depletion  causes  a  dramatic 
decrease  in  the  amount  of  phosphorylated  Aurora  A  protein  at  the  onset  of  mitosis  (Fig3a.,b). 
Reciprocally,  depletion  of  Aurora  A  or  its  partner  Ajuba,  reduces  the  total  amount  of  HEF1  protein 
and  eliminates  its  localization  at  the  centrosome  (Fig  3c,  d).  This  reduction  of  HEF1  level  by  Aurora 
A  depletion  could  be  blocked  by  incubating  cells  with  the  26S  proteosome  inhibitor  lactacystin  (4) 
(Fig.3e),  suggesting  that  this  reduction  in  protein  level  was  due  to  increased  sensitivity  of  HEF  to 
degradation  because  of  destruction  of  a  protective  complex  involving  between  Ajuba,  Aurora  and 
HEF1. 


Myc-PreLim 

Ajuba 


IP-FLAG 

IB-myc 


Figure  4. .  HEF1  directly  interacts  with  Ajuba.  a,  b,  c.  MCF-7  cells  were  co-transfected  with  the  FLAG-HEF1 
constructs  and  myc-tagged-Ajuba,  lysed  24  hours  post  transfection  and  antibodies  to  FLAG-or  Myc-  used  for  immuno- 
precipitation  (IP)from  lysate,  followed  by  Western  blot  (IB),  b.  Western  analysis  of  the  expression  level  of  myc- Ajuba 
(a)  or  FLAG-HEF1  (b).  c.  MCF-7  cells  were  co-transfected  by  myc-tagged  Pre-LIM  domain  of  Ajuba,  full  length  Ajuba 
or  GFP  (as  non-specific  control)  with  combination  of  FLAG-tagged  full  length  HEF1  or  deletion  variants. 


Hi.  HEF l  directly  interacts  with  Ajuba 
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Using  co-immuno-precipitation  as  a  method  for  protein-protein  interaction  analysis,  we  have  found 
that  both  Aurora  A  and  Ajuba  directly  interact  with  HEF1. Using  a  panel  of  FLAG  epitope-tagged 
deletion  mutants  of  HEF1  (Figl.a)  and  6  Myc-tagged  Ajuba  (5),  we  found  that  C-terminal  part  of 
HEF  (SRR-352-653aa)  is  involved  in  interaction  with  Ajuba,  since  only  constructs  with  full  length 
HEF1,  SRR  and  p55+  precipitated  full  length  Ajuba  from  the  cells  (Fig.4a,  b).  For  Ajuba,  we  found 
that  the  pre-LIM  domain  of  the  protein  is  responsible  for  interaction  with  HEF1.  The  pre-LIM 
domain  of  Ajuba  (weakly)  and  full  length  Ajuba  (strongly)  precipitated  HEF1,  SRR  and  p55(+)  (Fig 
4  c,d). 

We  are  still  analyzing  the  interaction  of  HEF1  with  AuroraA.  We  have  shown  that  HEF1  is 
precipitated  by  Aurora  A,  and  Aurora  A  is  co-IP-ed  with  HEF1,  but  this  may  be  as  direct  or  through 
Ajuba  Fig.5a,  b,  c).  We  seek  to  determine  which  domains  of  HEF1  and  Aurora  A  are  involved  in  this 
interaction,  and  obtained  the  mutants  defective  in  this  interaction,  to  evaluate  the  importance  of  this 
interaction  for  mitotic  entry. 
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IB-AuroraA 
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Figure  5 .  HEF l  directly  interacts  with  Aurora  and  Ajuba.  a.  Western  analysis  of  the  immuno-precipitation  (IP)  of 
HEF1  by  a  Cas/HEFl  specific  antibody  (TL)  from  siHEFl  or  scrambled  oligo  treated  cells  with  the  antibody  against 
phosphorylated  active  Aurora,  Aurora  (total)  and  HEF1 .  b.  Western  analysis  of  the  immuno-precipitation  (IP)  of  Aurora  A 
(total)  from  siHEFl  or  scrambled  oligo  treated  cells  with  antibody  against  Aurora  (total)  and  HEF1.  G1  and  G2/M  marked  the 
cell  cycle  phases,  c.  Western  analysis  of  the  immuno-precipitation  (IP)  of  Ajuba  protein  from  sc-oligo,  siHEFl,  siCas,  siAjuba 
or  siAurora  treated  Cells,  using  antibody  to  Aurora  A  . 


As  noted  above,  in  in  vitro  kinase  assays,  we  have  shown  that  the  SH2BD  domain  of  HEF  1  bears 
phosphorylation  sites  for  AuroraA  kinase.  Using  deletion  mutants  and  mass  spectrometry  analysis, 
we  have  identified  two  peptides  encompassing  residues  phosphorylated  by  AuroraA  kinase  in  vitro. 
Analysis  of  phosphorylation  of  HEF  1  by  Aurora  A  kinase  is  ongoing  project. 

iii.  Comparison  of  HEF1  and pl30Cas  regulation  of  centrosome  status  and  AuroraA  activation. 

The  HEF1  protein  has  been  documented  as  being  particularly  abundant  in  epithelial  and  lymphoid 
lineages,  and  less  abundant  in  fibroblasts  (6,7).  The  HEFl-related  pl30Cas  protein  is  ubiquitously 
expressed  throughout  different  cell  lineages.  HEF1  and  pl30Cas  share  an  80%  similarity  at  the  SH3 
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Figure  6..  HEFlis  an  AuroraA  phosphorylation  target. 

In  vitro  kinase  assay  with  AuroraA  kinase.  Substrates  were  the 
HEF1  variants  presented  in  Figla.  Coomassie  staining 
demonstrates  the  equal  loading  of  protein  in  the  assay. 


domain  and  52  and  33%  at  SH2  binding  and  serine-rich  domains,  respectively.  Nevertheless  they 
produce  different  phenotypes  when  over  expressed  in  the  epithelial  cells.  Over-expression  of  HEF1 
causes  apoptosis  (8).  Over  expression  of  pl30Cas  stimulates  cell  proliferation  and  produces  drug 
resistance  (9).  We  investigated  the  effect  of  pl30Cas  on  the  centrosomal  dynamic  in  several  different 
cell  lines:  epithelial  (MCF7,  Hela,  HEK293)  or  fibroblast  (FF2425,  MCR5-hTERT)  lineages  derived 
from  tumors,  or  from  normal  cells  (MCF12F  and  FF2425).  Using  a  panel  of  antibodies  against 
pl30Cas  in  immuno-fluorescence  assay,  we  conclude  that  pl30Cas  does  not  translocate  to  the 
centrosome  (Fig.7a).  Moreover,  in  cell  lines  over-expressing  GFP-tagged  pl30Cas,  GFP  was  detected 
in  the  cytoplasm  and  partially  in  the  focal  adhesions  (data  not  shown),  but  not  apparently  at  the 
centrosome  or  spindle.  These  data  are  in  agreement  with  the  previously  described  pattern  of 
localization  for  pl30Cas  protein.  Nevertheless,  depletion  of  pl30Cas  in  epithelial  cells  has  partial 
centrosomal  phenotypes.  In  MCF7  cells,  depletion  of  pl30Cas  produced  40-50%  percent  of 
premature  centrosomal  splitting  (Fig.7d),  in  contrast  to  the  85%  seen  with  HEF1  depletion.  Based  on 
Western  analysis  (Fig.7b),  HEF1  and  pl30Cas  were  depleted  to  a  comparable  levels  in  these 
experiments.  pl30Cas  does  not  have  Aurora  A  phosphorylation  consensuses  and  was  not 
phosphorylated  in  an  in  vitro  kinase  assay  similar  to  that  used  for  HEF1  (data  not  shown).  Depletion 
of  pl30Cas  in  the  cells  using  pl30Cas-specific  siRNA  did  not  change  the  normal  pattern  of  activation 
and  localization  of  Aurora  A  kinase  in  mitosis  (Fig.7c).  Finally,  we  depleted  HEF1  or  pl30Cas 
proteins  in  the  fibroblast  cells  versus  epithelial  cells  (note,  HEF1  is  almost  undetectable  in 
fibroblasts,  but  pl30Cas  is  highly  expressed).  In  fibroblasts,  siRNA  treatment  for  pl30Cas  or  HEF1 
did  not  affect  centrosome  integrity  or  splitting  in  any  way.  Based  on  this  data  we  conclude  that  HEF1 
has  a  specific  and  critical  function  in  the  centrosome  cycle  in  the  cells  of  epithelial  lineage,  but  not 
fibroblasts. 
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Figure  7.  Comparison  ofHEFl  and  p!30Cas  regulation  ofcentrosome  status  andAurA  activation  a. 
Immunofluorescence  analysis  of  MCF-7  cells  using  pl30Cas  specific  antibody  (Cas-S  from  Santa  Cruz  Biotech.)  a  ( red), 
and  co-  stain  with  y-tubulin  (green),  b. Western  analysis  of  pl30Cas,  HEF1  and  actin  expression  level  in  the  MCF-7  and 
FF2425  cells  treated  with  siHEFl,  siCAS  or  scrambled  oligo.  C.  Immunofluorescence  analysis  of  MCF-7  cells  treated  with 
siCAS  or  scrambled  oligo  (Fig.3a)  using  antibody  against  phospho- Aurora  (red),  Aurora  (total-green)  and  DNA  dye  (blue), 
d.  Statistical  analysis  of  centriole  splitting  in  the  MCF-7,  Hela  (epithelial  cells)  and  FF2425,  MRC5-hTERT  (not  shown) 
(fibroblast  cells)  upon  treatment  with  the  siRNA.  e.  Immuno-fluorescence  analysis  of  FF2425  cells  treated  with  siHEFl, 
siCAS  or  scrambled  oligo  (not  shown)  using  a-or  g-tubulin  antibody  to  investigate  centrosome  status. 
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Introduction: 

More  than  one  million  people  are  diagnosed  with  breast  cancer  every  year  worldwide  (11).  It  has 
been  generally  accepted  that  breast  cancer  is  the  most  common  malignancy  in  the  female.  The 
mechanism  whereas  breast  cancer  forms  and  develops  remains  an  active  area  of  investigation. 
Research  results  have  clearly  associated  the  initiation,  development  and  prognosis  of  breast  cancer 
with  different  types  of  genetic  alterations  of  oncogenes  and  tumor  suppressor  genes.  Among  all  the 
altered  genes,  the  p53  gene  has  the  highest  frequency  of  genetic  mutation  in  breast  cancer.  The 
mutation  of  the  p53  gene  is  found  in  about  20-40%  of  breast  cancer  and  is  often  accompanied  by  loss 
the  wild  type  allele.  Additionally,  it  is  known  that  germline  mutation  of  the  p53  gene  is  responsible 
for  Li-Fraumeni  Syndrome  (LFS).  LFS  patients,  at  early  age,  are  highly  susceptible  to  the 
development  of  several  types  of  cancers,  among  which  breast  cancer  is  the  most  frequent  (12). 
Several  studies  have  indicated  that  mutation  of  the  p53  gene  is  found  in  ductal  carcinoma  in  situ 
before  the  development  of  invasive  breast  cancer  (13-15).  Furthermore,  the  frequency  of  the  p53 
gene  mutation  has  been  found  higher  in  large  and  invasive  breast  cancer  (16).  Accumulating 
evidence  shows  that  mutations  of  the  p53  gene  is  an  independent  risk  factor  conferring  worse  overall 
survival  and  some  studies  indicate  the  mutations  of  the  p53  gene  is  the  single  most  significant 
prognosis  indicator  (17). 

Hormone  therapy,  chemo-  and  radio-therapy  are  the  most  commonly  used  clinical  regimes  in  treating 
breast  cancers  and  have  been  proved  successful.  However  some  patients  are  more  resistant  to  these 
clinical  treatments  and  show  worse  prognosis  and  higher  rate  of  relapse.  Bems  et  al  (18)  show  that 
patients  with  mutated  p53  have  the  poorest  response  to  chemotherapy,  such  as  tamoxifen.  Estrogen 
receptor  (ER)  is  closely  related  to  breast  cancer.  ER  positive  breast  cancer  cells  grow  more  slowly, 
are  better  differentiated  and  tend  to  have  better  prognosis.  The  ER  has  been  shown  to  interact  with 
and  protect  the  p53  protein  from  MDM2  mediated  degradation  (19).  The  finding  the  ER  prolongs  the 
half  life  of  p53  at  least  partially  explains  why  ER  positive  breast  cancer  is  less  malignant.  Taken 
together,  the  available  evidence  indicates  that  the  p53  tumor  suppressor  gene  has  a  significant  role  in 
the  initiation  and  progression  of  breast  cancer. 

p53  is  a  tumor  suppressor  protein.  Mutation  or  deletion  of  p53  is  found  in  about  50%  of  human 
cancers.  p53  homozygous  knock  out  mice  are  prone  to  development  of  multiple  types  of  cancer. 
Research  shows  that  over-expression  of  p53  is  sufficient  to  kill  cancer  cells.  p53  induces  apoptosis  in 
tumor  cells  by  its  gene  regulatory  function  or  its  direct  effect  on  mitochondria  to  release  cytochrome- 
c.  The  p53  protein  transactives  pro-apoptotic  genes  or  suppresses  anti-apoptotic  genes  when  cells 
encounter  DNA  damages.  Recently,  the  mitochondrial  pathway  through  which  p53  induces  apoptosis 
has  been  reported  (20). 

The  p53  tumor  suppressor  gene  contains  at  least  two  coding  region  polymorphisms.  A  common 
polymorphism  at  codon  72  encodes  either  proline  (P72)  or  arginine  (R72).  Dumont  et  al.  (20) 
recently  demonstrated  that  this  polymorphism  is  functionally  significant,  and  that  the  R72  variant  has 
approximately  fifteen-fold  increased  ability  to  induce  programmed  cell  death.  The  mechanistic  basis 
for  this  increased  apoptotic  potential  was  two-fold;  the  R72  variant  demonstrated  increased  ability  to 
bind  to  MDM2,  which  directed  p53  for  nuclear  export  and  subsequent  localization  to  the 
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mitochondria,  where  p53  induced  cytochrome-c  release.  Additionally,  we  found  that  the  R72  variant 
has  increased  ability  to  transactivate  the  p53-induced  pro-apoptotic  target  gene  PERP  (20). 

In  addition  to  a  polymorphism  at  codon  72,  the  p53  gene  has  a  rarer  coding  region  polymorphism  at 
codon  47,  encoding  serine  at  this  residue  instead  of  proline  (S47  and  P47,  respectively).  In  the  study 
that  initially  described  this  variant,  the  S47  frequency  was  found  to  be  4.7%  in  African  Americans, 
and  undetectable  in  Caucasians.  Preliminary  analysis  of  the  possible  functional  differences  in  these 
two  proteins  failed  to  reveal  such;  however,  this  study  was  performed  over  ten  years  ago,  so  these 
analyses  did  not  analyze  p53’s  apoptotic  ability.  Additionally,  at  the  time  this  study  was  performed, 
bona  fide  p53  target  genes  were  only  just  beginning  to  be  identified,  so  the  transactivation  potential 
of  p53  was  only  preliminarily  analyzed. 

Multiple  N-terminal  and  C-terminal  phosphorylation  events  are  known  to  regulate  p53  stabilization 
and  activity  following  genotoxic  stress  (for  review  see  21).  In  particular,  phosphorylation  at  serine 

46  has  been  shown  by  several  groups  to  be  critical  for  the  ability  of  p53  to  induce  apoptosis  (22-24). 
Substitution  of  serine  46  with  alanine  renders  p53  markedly  impaired  for  apoptosis  induction,  and  for 
transactivation  of  pro-apoptotic  genes,  but  not  for  growth  arrest  genes  such  as  p21/wafl  (24). 
Consistent  with  this  finding,  expression  of  p53DINPl,  which  enhances  phosphorylation  of  serine  46, 
also  significantly  enhances  p53-dependent  apoptosis  (25).  At  least  one  of  the  responsible  kinases  for 
serine  46  phosphorylation  is  the  proline-directed  kinase  p38.  The  p38  kinase  can  directly 
phosphorylate  p53  on  serine  46,  and  can  cooperate  with  p53  to  induce  apoptosis  (26).  Chemical 
inhibitors  of  p38  can  inhibit  phosphorylation  at  serine  46,  and  also  markedly  inhibit  p53-dependent 
apoptosis  (26).  Finally,  overexpression  of  PPM1D,  which  is  a  phosphatase  that  negatively  regulates 
p38  that  is  subject  to  gene  amplification  in  breast  carcinoma,  can  inhibit  serine  46  phosphorylation  of 
p53,  and  consequently  inhibit  p53-mediated  apoptosis  (27).  The  combined  data  from  multiple 
different  groups  strongly  implicate  the  importance  of  serine  46  phosphorylation  by  kinases  such  as 
p38  in  p5  3 -dependent  apoptosis. 

At  least  two  effects  of  serine  46  phosphorylation  of  p53  have  been  detected.  The  first  is  that  this 
event  appears  to  be  important  for  transactivation  of  the  p53-response  gene  p53AIPl.  In  contrast, 
transactivation  of  several  other  p53-response  genes  appears  to  be  relatively  unaffected  by  this 
phosphorylation  event  (24).  Additionally,  however,  it  has  been  reported  that  phosphorylation  of 
serine  46  facilitates  phosphorylation  of  other  N-terminal  residues  of  p53,  including  serine  20  (22). 
These  latter  phosphorylation  events  have  an  influence  on  p53  stability,  as  well  as  the  recruitment  of 
co-activators  for  transactivation  (28,29). 

Kinases  in  the  Map  kinase  (MAPK)  family  like  p38  require  proline  residues  juxtaposed  to  the  serine 
or  threonine  residues  that  are  the  targets  of  phosphorylation.  We  predicted  that  the  codon  47 
polymorphism,  which  removes  this  proximal  proline  residue,  might  have  altered  phosphorylation  of 
serine  46;  importantly,  the  proline  at  amino  acid  47  is  the  only  neighboring  proline  residue  in  this 
region.  Therefore,  we  sought  to  test  the  hypothesis  that,  like  the  codon  72  polymorphism,  the  codon 

47  polymorphism  is  functionally  significant,  perhaps  due  to  altered  phosphorylation  of  serine  46.  In 
this  report  we  show  that  the  S47  variant  demonstrates  2-fold  decreased  ability  to  be  phosphorylated 
on  serine  46  by  p38  MAPK.  In  stably-transfected  inducible  cell  lines  containing  the  S47  protein,  we 
show  that  this  protein  has  2-3  fold  decreased  ability  to  induce  programmed  cell  death.  Analysis  of 
the  mechanism  underlying  decreased  cell  death  by  the  S47  protein  revealed  that  this  variant  has 
decreased  ability  to  transactivate  a  p53  target  gene  that  is  known  to  be  critical  for  apoptosis 
induction;  the  BH3-only  protein  PUMA.  Analysis  of  other  N-terminal  phosphorylation  events 
likewise  indicates  a  significant  decrease  in  phosphorylation  of  serine  20,  but  not  serine  15.  The 
decreased  phosphorylation  of  serine  46  and  serine  20  at  the  amino  terminus  of  the  S47  variant  may 
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reduce  the  affinity  of  this  protein  for  transcriptional  co-activators,  and  hence  lead  to  impaired  ability 
to  transactivate  a  subset  of  p53  response  genes,  including  PUMA. 

Body 

The  S47  variant  shows  decreased  phosphorylation  on  serine  46 

If  the  proline  at  codon  47  is  responsible  for  the  phosphorylation  of  serine  46,  the  S47  variant  should 
have  decreased  phosphorylation  level  compared  with  the  wt  p53  (proline  47).  Using  a  serine  46 
phospho-specific  antibody,  we  detected  significantly  decreased  binding  affinity  of  the  antibody  to  the 
S47  p53  (Fig.9A).  Because  of  the  amino  acid  change  at  codon  47,  the  decreased  affinity  of  the  serine 
46  phosphorylation  specific  antibody  could  be  solely  caused  by  the  structural  change. 
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Figure  8.  The  S47  p53  shows  decreased  phosphorylation  and  compromised  apoptotic  ability. 

A.  The  S47  GST-p53  shows  2-fold  decrease  in  phosphorylation  of  serine  46  by  p38  kinase. 
Equal  amount  of  MBP ,  GST  and  GST-p53  were  incubated  with  active  p38/32  kinase  and  [y-32P]ATP 
for  15  min  at  30  V.  The  reaction  was  stopped  by  adding  Lithium  Dodecyl  Sulfate  and  boiling  for  10 
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min.  Then  the  samples  were  loaded  on  a  Nupage  Novex  10%  Bis-Tris  gel  (Invitrogen).  The  gel  was 
dried  and  exposed  to  an  X-ray  film.  Phosphorylated  GST-p53  and  MBP  are  labeled  as  p-p5 3  and  p- 
MBP  respectively. 

B.  Equal  amount  of  GST-p53  was  determined  using  BSA  as  standard.  GST-conjugated p53  (1- 
92)  was  purified  using  Glutathione-Sepharose  4B  beads  (Amersham  Biosciences)  and  loaded  on  a 
Nupage  Novex  10%  Bis-Tris  gel.  Then  the  gel  was  stained  with  0.025%  Coomasic  blue  to  determine 
the  concentration  of  GST-p53,  MBP  and  GST  using  BSA  as  standard. 

C.  The  S47  p53  shows  2-fold  decrease  in  apoptotic  ability  than  the  wt  p53  in  stable  HI 229 
cells.  The  HI 299  cells  were  shifted  to  32°C  to  activate  p53  and  then  harvested  24  hrs  after 
temperature  shift  (TS).  TUNEL  experiments  were  conducted  on  two  independent  clones  of  each 
construct  (wt,  S47  and  A46)  24  hrs  after  TS  (32)  or  maintained  at  39  °C  (39).  The  bars  represent 
mean±  SEM  of  three  independent  experiments.  The  numbers  below  the  figure  are  the  mean  values. 
The  p53  expression  level  of  each  clone  is  shown  in  the  inset. 

D.  The  S47  variant  shows  3-fold  decrease  in  apoptotic  ability  than  the  wt  p53  in  stable  Saos2 
cells.  The  Saos2  cells  were  shifted  to  32  °C  to  activate  p53  and  then  harvested  24  hrs  after 
temperature  shift.  TUNEL  experiments  were  performed  to  determine  the  apoptosis  of  each  clone  24 
hrs  with  (32)  or  without  (39)  TS.  The  bars  represent  meant  SEM  of  three  independent  experiments. 
The  numbers  below  the  figure  are  the  mean  values.  The  p53  protein  levels  are  shown  in  the  inset. 

To  confirm  the  S47  p53  has  compromised  serine  46  phosphorylation,  we  performed  in  vitro  kinase 
assay  by  incubating  active  p38  kinase  (Upstate)  with  GST-p53  (amino  acids  1-92)  wt,  S47  and  A46 
(serine  46  was  mutated  to  alanine).  It  has  been  reported  that  the  p38  kinase  can  also  phosphorylate 
p53  at  serine  33  (26),  which  is  next  to  proline  34.  To  reduce  the  phosphorylation  background,  we 
mutated  all  three  GST-p53  proteins  (wt,  S47  and  A46)  by  introducing  alanine  at  codon  33.  Our 
results  show  the  S47  p53  has  2-fold  decreased  phosphorylation  level  compared  with  wt  p53  (Fig. 
8A).  The  decreased  phosphorylation  of  S47  p53  indicates  that  the  proline  47  is  important  in  the 
phosphorylation  of  serine  46.  The  elimination  of  phosphorylation  of  A46  p53  (Fig.  8A)  indicates  that 
p38  kinase  indeed  phosphorylates  p53  on  serine  46. 


The  S47  variant  of  p53  shows  compromised  apoptotic  ability 

Since  the  phosphorylation  of  serine  46  is  important  in  the  apoptotic  ability  of  p53,  the  compromised 
serine  46  phosphorylation  should  decrease  the  apoptotic  ability  of  the  S47  variant.  Our  results 
confirm  that  the  H1299  cells  stably  transfected  with  the  S47  p53  show  2-fold  decrease  in  apoptosis 
compared  with  those  transfected  with  wt  p53  (Fig.8C).  The  decreased  apoptotic  ability  of  S47  p53 
correlates  with  the  2-fold  decreased  phosphorylation  level  in  Figure  8B.  Consistent  with  the 
abolished  phosphorylation  of  amino  acid  46  in  the  in  vitro  kinase  assay,  the  A46  p53  has  the  least 
apoptotic  ability  (Fig.8C).  To  verily  whether  the  S47  p53  shows  decreased  apoptotic  ability  in  other 
cells,  we  generated  stable  Saos2  clones  expressing  wt  and  S47  p53.  Our  results  show  that  S47  p53 
showed  3-fold  compromised  apoptosis  inducing  ability  in  Saos2  cells  (Fig.  8D).  The  fold  deduction 
of  the  S47  p53  apoptotic  ability  in  Saos2  cells  is  again  very  close  to  the  2-fold  deduction  of  the 
phosphorylation  level  of  serine  46.  Thus  our  results  confirm  the  importance  of  the  phosphorylation 
of  serine  46  in  the  apoptotic  function  of  p53.  More  importantly,  we  show  that  the  proline  47 
polymorphic  variant  has  descreased  ability  to  induce  apoptosis.  Therefore,  the  possibility  exists  that 
this  polymorphism  affects  cancer  risk,  or  the  efficacy  of  chemotherapy. 

The  S47  p53  shows  decreased  phosphorylation  level  of  serine  20,  but  not  other  serine  residues. 
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It  has  been  reported  that  phosphorylation  of  serine  46  may  affect  phosphorylation  of  other  sites  (22). 
We  examined  the  phosphorylation  level  of  the  S47  p53  on  other  N-terminal  sites,  specifically  the 
nearby  phosphorylation  sites  serine  15  and  20,  compared  with  wt  p53.  Surprisingly,  we  found  a 
significant  decrease  in  the  serine  20  phosphorylation  level  of  the  S47  p53  (Fig.  9A).  No  significant 
changes  were  found  in  the  phosphorylation  level  of  serine  15  and  serine  393,  however.  Our  results 
show  that  the  induction  of  p21  and  MDM2  are  not  affected  by  the  phosphorylation  level  of  serine  46 
(Fig.9B),  indicating  the  S47  p53  has  the  same  general  transcriptional  activity  as  wild  type  p53. 
Consistent  with  this,  our  experiments  show  that  the  S47  p53  has  the  same  half-life  and  ability  to 
induce  cell  cycle  arrest  as  wt  p53  (data  not  shown).  Finally,  consistent  with  our  previous  results,  we 
found  that  when  the  HI 299  cell  lines  were  treated  with  ionizing  radiation  (IR),  the  S47  p53  shows 
decreased  apoptotic  ability  (Fig.9C). 
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Figure  9.  The  S47  p53  shows  compromised  phosphorylation  of  serine  46  and  20  and  decreased 
apoptotic  function  after  IR. 

A.  The  S4  7  p53  shows  decreased  phosphorylation  of  serine  46  and  20,  but  not  of  serine  15  and 

392.  HI 299  cells  were  shifted  to  32  and  harvested  24  hrs  after  TS.  Equal  amount  of  cell  lysate  was 
loaded  on  a  Nupage  Novex  10%  Bis-Tris  gel  and  Western  analyzed.  The  p53  protein  was  detected 
with  a  monoclonal  antibody  (DO-1  from  Oncogene).  P85-PARP  was  detected  by  an  antibody 
(Promega)  specifically  recognizes  cleaved  PARP.  The  PARP  protein  is  cleaved  during  apoptosis  and 
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can  be  used  as  an  apoptotic  marker.  Phosphorylation  of  serine  46,  20,  15  and  392  was  detected 
using  phospho-speciflc  antibodies  (Cell  Signaling).  This  figure  shows  results  from  wt-4,  S47-8  and 
S46-8  clones. 

B.  The  S47 p53  shows  the  same  ability  to  transactivate p21  and  MDM2  as  the  wt p53.  The 

same  lysates  as  used  in  A  Were  loaded  on  a  protein  gel  and  Western  analyzed  for  p21  and  MDM2. 

The  expression  levels  of  p21  and  MDM2  were  detected  using  monoclonal  antibodies  (Oncogene). 

C.  The  S4  7  p53  shows  compromised  apoptotic  function  after  IR. .  HI 299  cells  (wt-4,  S4  7-8  and 
A46-8)  were  treated  with  y  radiation  (6  Gy)  and  harvested  at  indicated  time  points  after  radiation. 
Then  the  cell  lysates  were  subjected  to  Western  analysis. 


A  HI 299 

39/DMSO  32/DMSO  32/SB-203580 

wt  S47  A46wt  S47  A46  wt  S47A46 


p85-  S 
PARP I 

S-46 


yiiiiir 


Figure  10.  Inhibition  of  p38  kinase  inhibits  the  phosphorylation  of  serine  46  and  20  and  rescues  cells 
from  apoptosis. 

A.  Inhibition  of  p38  in  H1299  cells  inhibits  apoptosis  and  phosphorylation  of  46  and  20.  The 

wt-4,  S47-8  and  A46-8  clones  were  incubated  with  40  juM  of  p38  inhibitor  SB-203580  (32/SB- 
203580)  or  DMSO  only  (32/DMSO)  for  30  min  before  shifted  to  32  °C.  The  control  cells  were 
maintained  at  39  °C  with  DMSO  (39/DMSO).  Cells  were  harvested  24  hrs  after  TS. 

B.  TUNEL  assay  confirms  the  importance  of  p38  in  the  apoptotic  ability  of  p53.  HI 299  cells 
treated  as  described  in  figure  A  were  analyzed  by  TUNEL  assay.  The  bars  represents  meandSEM  of 
three  independent  experiments. 

C.  Inhibition  of p38  decreases  the  apoptotic  ability  and  phosphorylation  of  serine  46  and  20  of 
endogenous  p53.  The  breast  cancer  cell  line  MCF7  was  incubated  with  40  juM  of  p38  inhibitor  SB- 
203580  (+)  or  DMSO  only  (-)  for  30  min  before  UV  (7.5  J/m2)  treatment.  Cells  were  harvested  at 
indicated  time  points. 
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Inhibition  of  p38  kinase  inhibits  the  phosphorylation  of  serine  46  and  the  apoptotic  function  of 
p53 

So  far,  our  data  clearly  show  that  p38  kinase  phosphorylates  serine  46  and  this  phosphorylation  is 
important  for  the  apoptotic  function  of  p53.  We  then  chose  to  test  the  phosphorylation  of  serine  46 
and  the  apoptosis  inducing  ability  of  p53  when  p38  is  inhibited.  When  we  added  p38  specific 
inhibitor  SB-203580  to  the  stably  transfected  H1299  clones,  the  phosphorylation  of  serine  46  was 
decreased  by  2  fold  (Fig  10A).  The  phosphorylation  of  serine  20,  but  not  serine  15,  was  also 
decreased,  indicating  that  phosphorylation  of  serine  46  may  be  an  upstream  event.  Not  surprisingly, 
with  the  presence  of  SB-203580,  the  apoptotic  ability  of  both  wt  and  S47  p53  is  inhibited,  as 
indicated  by  both  Western  analysis  (Fig.  10A)  and  TUNEL  assay  (Fig.  10B).  Consistent  with  the  fact 
that  expression  of  p21  and  MDM2  are  not  affected  by  the  phosphorylation  of  serine  46,  addition  of 
SB-203580  did  not  inhibit  the  expression  of  p21  and  MDM2  (Fig.  10A).  To  investigate  whether 
inhibition  of  p38  decreases  the  phosphorylation  of  serine  46  and  apoptosis  in  cells  with  endogenous 
p53,  we  conducted  experiments  on  MCF7  cells.  The  phosphorylation  of  serine  46  could  be  detected 
as  early  as  6  hrs  after  UV  treatment.  When  SB-203580  was  added,  the  phosphorylation  level  of 
serine  46  was  significantly  decreased,  as  was  apoptosis  (Fig.  10C).  The  phosphorylation  of  serine  20 
was  also  decreased  (Fig.  10C)  as  observed  in  stable  HI 299  cells.  Interestingly,  in  MCF7  cells,  when 
p38  was  inhibited,  the  expression  of  the  p53  target  gene  PUMA  was  also  inhibited  (Fig.  10C).  These 
data  indicate  that  phosphorylation  of  serine  46  may  be  essential  for  the  ability  of  p53  to  transactivate 
PUMA. 

The  S47  variant  of  p53  shows  compromised  ability  to  transactivate  PUMA 

We  next  examined  the  mechanism  underlying  the  different  apoptotic  ability  between  the  wt  and  S47 
p53.  Since  PUMA  has  been  found  to  be  particularly  important  in  p53-induced  apoptosis,  we 
examined  whether  the  S47  p53  has  decreased  ability  to  transactivate  PUMA.  Stable  H1299  cells 
were  harvested  after  temperature  shift  for  p53  induction,  and  the  cell  lysates  were  analyzed  by 
western  blot.  The  S47  p53  shows  compromised  ability  to  transactivate  PUMA  (Fig.  11  A).  The 
difference  of  PUMA  expression  and  apoptosis  between  wt  and  S47  clones  can  be  observed  as  early  as 
8  hours  (Fig.  11  A).  Luciferase  assays  using  a  PUMA  reporter  construct,  containing  the  PUMA 
promoter  linked  to  the  firefly  luciferase  gene,  confirmed  that  the  wt  p53  transactivates  the  PUMA 
gene  significantly  better  than  the  S47  for  of  p53  (Fig.  1  IB).  However,  it  remains  unclear  why  the  S47 
p53  shows  compromised  transactivation  ability  to  turn  on  PUMA.  Although  our  results  show  that  the 
S47  has  the  same  ability  to  bind  to  p300  (data  not  shown),  which  is  a  co-activator  of  p53  (30,31),  it 
may  be  possible  that  the  S47  p53  has  decreased  ability  to  bind  to  yet  unidentified  co-activators.  The 
Western  analysis  of  p21  and  MDM2  indicates  the  same  general  transcriptional  ability  between  wt  and 
S47  p53.  Consistently,  The  Northern  analysis  shows  that  the  wt  and  S47  p53  share  the  same  ability 
to  up-regulate  Killer/DR5,  GADD45,  p21  and  bax,  and  down-regulate  survivin  and  cyclin  B1  (Fig. 
11C). 
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Figure  1 1 .  The  S47  p53  shows  compromised  ability  to  transactivate  PUMA. 

A.  The  S47 p53  shows  compromised  ability  to  transactivate  PUMA.  The  wt-4,  S47-8  and  A46-8 
H1299  clones  were  shifted  to  32  °C  and  harvested  at  indicated  time  points  after  TS.  The  PUMA  was 
detected  using  a  monoclonal  antibody  (Oncogene) 

B.  The  S47 pS3  shows  decreased  ability  to  transactivate  PUMA  promoter.  Different 
concentrations  of  wt,  S47  and  A46  p53  plasmids  were  co-transfected  with  luciferase  reporter  gene 
with  the  puma  promoter.  Luciferase  activity  was  normalized  to  renilla  luciferase  activity.  The  bars 
represent  the  meandSEM  of  three  independent  experiments. 

C.  The  S4  7  variant  shows  normal  general  transcriptional  ability.  HI 299  cells  (wt-4,  S4  7-8  and 
A46-8)  were  harvested  24  hrs  after  temperature  shift.  Total  RNA  was  prepared  using  Trizol  (Gibco- 
BRL).  Eight  micrograms  of  total  RNA/lane  were  resolved  by  denaturing  agarose  gel  electrophoresis 
and  transferred  onto  a  nylon  membrane.  The  membrane  was  hybridized  with  probes  specifically 
recognize  wanted  mRNA. 
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B-iv.-  Development  of  a  Mouse  Model  for  the  Targeted  Disruption  of  the  Appl  Gene  in 
Mammary  Gland 

Trainee:  Huihong  You,  Ph.D 

Mentor:  Joseph  Testa,  Ph.D. 

Period  reported:  August  1, 2003  -  to  June  30, 2004 

Introduction 

Like  other  AKT/protein  kinase  B  (PKB)  family  members,  AKT2  is  activated  by  various  growth 
factors  through  phosphatidylinositol  3-kinase  (PI3K)  and  thereby  mediates  signals  involved  in 
diverse  cellular  processes,  including  apoptosis  inhibition,  cell  proliferation,  and  insulin  signaling. 
AKT  is  an  integral  player  in  a  signal  transduction  pathway  of  which  many  components  have  been 
linked  to  oncogenesis.  Activated  forms  of  AKT  and  its  upstream  activator,  PI3K,  are  responsible  for 
the  transforming  activities  of  certain  viruses,  and  a  negative  regulator  of  this  pathway,  PTEN,  is  a 
tumor  suppressor. 

To  facilitate  our  understanding  of  the  cellular  function  of  AKT2,  we  had  previously  used  the  yeast 
two-hybrid  system  to  identify  two  candidate  AKT2  partners.  Multiple  independent  isolates  of  two 
clones  were  obtained  in  a  screen  of  a  human  fetal  brain  cDNA  library.  We  have  designated  one  of 
the  putative  AKT2  interactors  APPL  (32).  Although  a  number  of  important  substrates  and 
regulators  of  AKT/PKB  have  been  identified,  our  data  indicate  that  APPL  is  not  a  substrate  but, 
instead,  is  an  adaptor.  To  date,  APPL  is  the  only  adaptor  reported  to  interact  with  AKT  kinases. 
Moreover,  under  the  conditions  tested  thus  far,  this  interaction  has  been  strongest  with  the  AKT2 
isoform.  Since  AKT2  appears  to  play  a  more  prominent  role  in  human  neoplasia  than  other  members 
of  the  AKT  family,  the  characterization  of  APPL  may  provide  important  insights  regarding 
oncogenic  mechanisms  involving  AKT2. 

Recently,  APPL(or  APPL1,  also  called  DIP13-alpha)  has  been  identified  as  a  Rab5  effector,  which 
resides  on  a  subpopulation  of  endosomes.  APPL1  translocates  from  the  membranes  to  the  nucleus 
where  it  interacts  with  the  nucleosome  remodeling  and  histone  deacetylase  multiprotein  complex 
NuRD/MeCPl  in  response  to  extracellular  stimuli  (33). 

Another  study  showed  that  APPL  interacts  with  a  region  on  the  cytoplasmic  domain  of  DCC  (deleted 
in  colorectal  cancer,  which  is  a  candidate  tumor  suppressor  gene),  which  is  required  for  the  induction 
of  apoptosis.  Co-expression  of  DCC  and  DIP  13-alpha  results  in  an  increase  in  apoptosis  (34). 

Apoptosis  occurs  during  normal  growth  and  development  of  the  mammary  gland.  During  involution 
and  remodeling  of  the  breast  after  lactation,  apoptosis  is  a  prominent  feature.  Most  of  the  secretary 
epithelium  in  the  lactating  breast  undergoes  apoptosis  as  the  mammary  gland  regresses  and  is 
reorganized  for  another  cycle  of  lactation.  The  expression  of  activated  Akt  is  regulated  in  this 
process,  such  that  Aktl  activation  peaks  in  pregnancy  and  lactation,  and  decreases  during  mammary 
involution  (reviewed  in  reference  35).  To  provide  insights  regarding  how  the  loss  of  Appl  regulates 
Akt  activation  and  the  normal  apoptotic  process,  and  how  loss  of  Appl  affects  mammary  development 
during  lactation  and  involution,  we  are  generating  an  Appl  conditional  knock-out  (KO)  mouse  model. 
Since  Akt2  and  Her2  overexpression  or  Pten  deletion  play  important  roles  in  mammary  gland 
development  and  mammary  tumorigenesis,  we  propose  to  elucidate  the  biochemical  significance  of 
Appl  in  these  processes.  To  address  these  questions,  we  intend  to  cross  Appl  KO  mice  with  MMTV- 
Akt2  or  MMTW -Her!  transgenic  mice,  or  with  Pten  KO  mice. 
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To  date,  we  have  finished  Specific  Aim  1  and  2.  They  include:  aiml:  screen  phage  libraries  derived 
from  129Sv  mouse  genomic  DNA  to  identify  phage  clones  containing  the  Appl  coding  region;  and 
construct  a  plasmid  for  gene-targeted  disruption  of  APPL;  aim  2:  electroporate  ES  cells  with  the  KO 
construct  and  screen  the  resultant  transfected  clones  for  homologous  recombination  of  the  gene- 
targeted  construct  using  Southern  blot  analysis  and  PCR. 

1)  A  phage  129Sv  mouse  genomic  library  (Stratagene)  was  screened  and  clones  containing  the 
Appl  coding  region  were  identified. 

Based  on  the  human  APPL  genomic  sequence  and  restriction  mapping,  we  decided  to  target  Exon  5 
of  the  mouse  Appl  gene.  We  generated  a  probe  specific  for  Exon  5  of  the  mouse  Appl  gene,  based  on 
mouse  EST  sequences,  and  used  this  probe  to  screen  the  library.  We  identified  5  positive  clones, 
which  are  about  15.5  kb  in  length  and  contain  Appl  genomic  sequences  that  flank  exon  2  to  7  or  exon 
5  to  11. 


Exon  5 


Figurel2:_  KO  targeting  construct  for  disruption  of  Exon  5  of  Appl.  Processing  of  the  Appl  ORF 
will  be  disrupted  after  Exon  4. 
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2)  A  construct  to  conditionally  disrupt  Appl  expression/function  was  synthesized. 

The  Appl  gene  has  22  exons  distributed  over  ~60  kb.  Exon  5  is  88  bp  in  length  and  is  flanked  by  two 
very  large  introns,  which  maximize  the  chance  that  our  engineered  cassette  will  recombine 
specifically  with  the  Appl  locus.  Disruption  of  Exon  5  will  result  in  a  frame  shift  in  the  Appl  ORF, 
which  is  predicted  to  disrupt  endogenous  Appl  gene  transcription.  We  devised  a  detailed  restriction 
map  of  the  region  of  interest.  With  this  information,  a  targeting  vector  was  designed  to  add  one  LoxP 
site  upstream  of  Exon  5  and  another  LoxP  and  a  selectable  neomycin-resistance  gene  (neo)  cassette 
flanked  by  two  FRT  sites  downstream  of  Exon  5.  Unique  restriction  fragments  have  been  identified 
that  can  distinguish  between  the  wild-type  and  the  LoxP Ineo-Appl  genes  by  Southern  blot  and  PCR 
analyses. 

Overlapping  subclones  obtained  from  the  phage  genomic  library  encompass  approximately  15.5  kb  of 
sequence.  Figure  12  depicts  the  complete  Appl  KO  construct  that  was  constructed  for  the 
investigations  described.  In  brief,  the  9.3-kb  genomic  sequence  flanking  Exon  2  to  Exon  7  of  mouse 
Appl  has  been  directly  excised  by  restriction  enzyme  digestion  from  a  subclone  derived  from  a  129Sv 
mouse  genomic  library.  This  9.3-kb  insert  was  cloned  into  a  pBluescript  vector  (with  mutated  Kpnl 
site,  Xbal  site,  Spel  site  and  BamHI  site  in  its  multiple  cloning  region).  An  oligo  with  a  LoxP 
sequence  and  an  EcoRI  site  has  been  cloned  into  the  BamHI  site  of  the  vector  upstream  of  Exon  5. 
Another  LoxP  site  with  FRT-flanked  neo  sequence  derived  from  plasmid  pK-1  l/pM-30  (36)  has  been 
cloned  into  the  vector  downstream  of  Exon  5,  between  EcoRV  and  Kpnl  sites. 

3)  Embryonic  stem  (ES)  cell  clones  containing  the  conditional  Appl  KO  sequence  and  Neo 
cassette  were  identified. 

We  electroporated  mouse  ES  cells  with  the  KO  construct  and  screened  the  resultant  transfected 
clones  for  homologous  recombination  of  the  gene-targeted  construct  using  Southern  blot  analysis  and 
PCR  and  electroporated  positively  identified  gene-targeted  ES  cells  with  plasmids,  which  can  express 
Flp  site-specific  recombinase  to  remove  the  neo  selection  cassette. 


Figure  13.  Southern-blot  analysis  of  control  and  homologous  recombined  clones  after 
digestion  with  Xbal  (A)  or  Aval  (B)  and  hybridization  with  the  3  '  (A)  or  5’(B)  external  probe.  C: 
PCR  using  primers  that  detect  wildtype  and  loxP  containing  knockout  alleles.  WT,  wild-type  band; 
KO,  knock  out  band. 
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a)  ES  cell  culture  and  selection: 

A  unique  Xhol  restriction  site  within  the  vector  itself  and  near  homologous  Appl  intron 
sequences  has  been  used  to  linearize  the  construct  prior  to  transfection  of  RW4  ES  cells. 
Electroporation  and  drug  selection  of  ES  cells  have  been  performed.  Transfected  cells  were  drug- 
selected  (resistance  to  G418)  for  10  days,  and  then  individual  stem  cell  clones  were  isolated  in  24- 
well  plates.  Once  sufficient  cell  numbers  were  obtained,  clones  were  split  into  two  sets  of  plates  (one 
for  freezing  of  viable  cells,  the  other  for  generation  of  DNA).  These  ES  cell  clones  have  been 
screened  for  homologous  recombination  using  PCR  with  specific  primers  and  Southern  blot  analyses, 
using  restriction  enzymes  (Xbal  for  3’  and  Aval  for  5’)  that  yield  fragments  of  a  predicted  molecular 
weight  and  genomic  probes  flanking  the  targeting  sequence.  Both  5'  and  3'  probes  and  Neo  probe 
have  been  used  in  order  to  confirm  double  homologous  recombination  and  Neo  insertion.  791  ES  cell 
clones  have  been  screened,  and  9  of  them  were  identified  as  positive  homologous  recombined  clones 
in  this  targeting  strategy  (Figure  13). 

b) .  Karyotyping  positive  ES  clones 

After  identified  the  homologous  recombined  clones,  we  karyotyped  3  of  them  in  the 
Cytogenetics  Research  Facility  at  Fox  Chase  Cancer  Center  (Tablel). 

Table  1.  Karyotype  of  positive  ES  clones 


Clone  number 

Normal  diploid  cells 

Abnormal  cells 

196 

18 

2 

284 

19 

1 

432 

19 

1 

c).  Removal  of  Exon  5  with  an  adenoviral  Cre  expression  vector: 

To  test  for  positive  homologous  recombination  resulting  in  Exon  5  deletion  of  Appl,  clone  284 
was  infected  with  an  adenoviral  Cre  expression  vector.  After  infection,  30  clones  were  picked  and 
screened  by  PCR  and  sequencing.  One  clone  was  identified  that  had  a  deletion  of  Exon  5  (Figure  14). 


Figure  14.  PCR  screening  Ad-Cre  virus  infected  clones  using  primers  that  detect  wildtype 
and  knockout  alleles.  WT,  wild-type  band;  KO,  knock  out  band  (without  exon5). 

d).  Removal  of  the  neo  selection  cassette: 
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We  transiently  transfected  2  clones  (clone  284  and  432)  by  electroporating  plasmids  that 
express  Flp  site-specific  recombinase  in  order  to  remove  the  Neo  selection  cassette.  After 
transfection,  we  used  one  half  of  the  cells  for  drug  selection  to  identify  clones  lacking  the  Neo 
cassette.  ES  clones  that  are  sensitive  to  G418  were  identified  and  expanded  for  freezing  and 
screening  using  Southern  blot  analysis  and  PCR.  About  1300  clones  were  picked  and  drug  (G418) 
selected  in  two  rounds  of  electroporations,  but  none  of  the  yVeo-minus  clones  retained  both  loxP  sites. 

4)  Derive  mice  for  future  KO  studies  and  breed  chimeric  mice  to  obtain  germline  transmission 
and  mice  heterozygous  or  homozygous  for  LoxP  incorporated  Appl  alleles. 

To  date,  we  have  injected  3  positive  ES  clones  into  129  mouse  blastocysts.  Chimeric  mice  have  been 
obtained  and  are  being  mated  with  B6  female  mice.  PCR/southem  blotting  will  be  used  for 
genotyping  of  agouti  offspring,  using  mouse  tail  DNA  to  see  if  there  is  germline  transmission  of  the 
conditional  KO  Appl  sequence. 
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B-v-  Cloning  of  a  new  gene/s  in  chromosome  17pl3.2-13.1  that  control  apoptosis 
Trainee:  Sandra  Fernandez,  Ph.D  * 

Mentor:  Jose  Russo,  MD 

Period  reported:  August  1, 2003  -  to  June  30, 2004 

*  The  results  described  below  are  representing  the  final  report  of  Dr  S.  Fernandez.  Her 
training  period  started  on  July  1  of  2002  and  is  ending  on  June  30, 2004. 

Introduction 

Breast  cancer  is  a  hormone  dependent  malignancy  whose  incidence  is  steadily  increasing  in  most 
western  societies  and  in  countries  that  are  becoming  industrialized  (37-41).  In  United  States,  breast 
cancer  is  the  second  to  lung  cancer  as  a  cause  of  cancer-related  deaths  (37).  Apoptosis  (programmed 
cell  death)  is  a  cell  suicide  process  that  plays  important  roles  in  multiple  facets  of  normal 
development  and  physiology  (42).  Deregulation  of  apoptosis  has  been  correlated  with  degenerative 
diseases,  autoimmune  disorders  and  cancer.  Apoptosis  is  caused  by  caspases,  a  family  of  cystein 
proteases  that  cleave  target  proteins  at  aspartyl  residues  (43).  New  studies  of  the  biochemical 
mechanisms  evoked  by  conventional  treatments  for  neoplastic  diseases  point  to  apoptosis  as  a  key 
process  for  elimination  of  unwanted  cells  (44).  Impaired  function  of  apoptosis-related  genes  is 
deeply  involved  in  oncogenesis  and  the  progression  of  cancers  (44-48).  Our  laboratory  has  recently 
found  a  link  between  apoptosis  in  chemically  transformed  human  breast  epithelial  cells  and  a  gene/s 
located  in  chromosome  17pl3.2  (49),  making  necessary  to  identify  genes  that  may  regulate  apoptosis 
(50-55).  For  this  purpose  we  have  proposed  to  isolate  in  the  precise  location  in  chromosome 
17pl3.2-pl3.1  the  gene  (s)  responsible  for  the  control  of  apoptosis  and  to  determine  the 
functional  role  of  the  isolated  gene  in  the  process  of  neoplastic  progression  in  vivo. 


Body 

i-  The  experimental  system. 


We  have  developed  an  in  vitro  system  in  which  the  environmental  carcinogen  benz(a)pyrene  (BP) 
has  been  utilized  for  inducing  the  transformation  of  human  breast  epithelial  cells  (HBEC)  (56-59). 
For  developing  this  paradigm  of  human  breast  cancer,  we  have  capitalized  in  the  availability  of  the 
mortal  HBEC-MCF-10M  or  Sample  #130,  which  without  viral  infection,  cellular  oncogene 
transfection,  or  exposure  to  carcinogens  or  radiation  became  spontaneously  immortalized,  originating 
the  cell  line  MCF-10F  (60-61).  Treatment  of  MCF-10F  cells  with  chemical  carcinogens  responded  to 
in  vitro  treatment  with  BP  with  the  expression  of  all  the  phenotypes  indicative  of  neoplastic 
transformation.  BP -treated  MCF-  10F  cells  expressed  increased  survival  and  formation  of  colonies  in 
agar  methocel,  loss  of  ductulogenic  properties  in  collagen  matrix,  invasiveness  in  a  Matrigel  in  vitro 
system  (clones  BP-1)  and  tumorigenesis  in  severe  combined  immunodeficient  (SCID)  mice  (BPI-E) 
(56,59,62). 


ii-Background 

Because  chromosome  17  was  involved  in  both  the  early  and  late  stages  of  carcinogenesis  we  selected 
it  for  testing  their  functional  roles  in  chemically  transformed  HBEC  using  a  microcell-mediated 
chromosome  transfer  (MMCT)  technique  (63-66).  Our  study  found  that  seven  out  of  ten  clones  with 


-25- 


DAMD 17-00- 1-0249  Russo,  Jose 

chromosome  17  transferred  in  to  BP  IE  cells  had  reverted  transformed  phenotypes  such  as 
advantageous  in  growth,  colony  formation  in  agar-methocel,  loss  of  ductulogenesis  and  resistant  to 
apoptosis  (49).  All  together  the  data  indicate  that  17pl3.2  near  the  marker  D17S796  contains  one  or 
more  gene/s  controlling  the  transformation  phenotypes.  Allelic  imbalance  in  chromosome  17pl3.2  at 
the  microsatellite  marker  D17S796  has  been  identified  in  hepatocellular  carcinoma  (67)  and  atypical 
ductal  hyperplasia  and  in  situ  ductal  carcinoma  of  breast  (68,69). 


Microcell-mediated  transfer  of  a  human  chromosome  17  into  BP  IE  showed  a  restoration  of  the  lost 
material  in  BP1E-17  neo.  In  the  last  progress  report  we  suggested  the  presence  of  a  gene/s  that  are 
related  to  the  transformed  phenotype  in  17pl3.2  near  the  marker  D17S796  and  a  940  bp  of  this  region 
was  amplified  and  cloned.  Sequences  analyzes  has  shown  that  cells  with  transformation  phenotype 
BP  IE  have  lost  10-12  bases  consisting  in  a  TG  repetition.  There  is  no  gene  already  described  in  this 
region  although,  RT-PCR  experiments  shown  that  this  region  was  expressed  in  MCF-10F,  BP1E  and 
BP1E-17  neo.  Also  we  found  that  the  expressed-sequence  tag  EST  3179739  matches  a  region  that 
lays  120  bp  downstream  of  the  cloned  region.  The  EST  3179739  sequence  comes  from  a  cDNA 
library  from  lung  (tissue  type:  carcinoid).  A  99%  identity  was  found  between  both  sequences  using 
Blast  ('www.ncbi.nlm.nih.gov/blast/Blast.cgB.  The  predicted  amino  acid  sequence  does  not  share 
significant  homology  with  any  known  protein  supporting  the  idea  that  this  could  be  a  novel  protein. 
In  order  to  cloned  the  full-length  cDNA  of  this  gene,  rapid  amplification  of  cDNA  ends  (RACE)  were 
performed.  RACE  is  a  procedure  for  obtaining  full-length  cDNA  copies  of  low  abundance  mRNAs. 
Although,  different  cDNAs  were  obtained,  none  of  them  were  specific  to  this  region  (17pl3.2). 
Furthermore,  based  on  these  results  we  have  pursued  (i)  a  detailed  analysis  using  different 
microsatellite  markers  lying  near  D17S796,  (ii)  studies  on  the  expression  of  different  genes  near  the 
marker  D17S796  and  (iii)  assays  to  measure  the  functional  role  of  them  by  determining  the  apoptotic 
activity  of  MCF-10F,  BP1E  and  BPlE-17neo  cells  after  been  challenged  by  an  apoptotic  inducing 
agent. 


iii-  Results. 

Karyotype  and  CGH  analysis.  The  cytogenetic  characterization  of  the  human  breast  cell  lines 
MCF-10F,  BP1E  and  BPlE-17neo  were  performed  using  a  combination  of  the  standard  G-banding 
and  CGH  analysis  (Figure  15).  All  the  cell  lines  had  extra  genetic  material  on  chromosome  1  at  band 
p34  and  they  presented  a  balanced  translocation  between  chromosome  3  and  chromosome  9  t  (3;  9) 
(pi  3;  p21).  The  CGH  analysis  helped  to  identify  the  extra  genetic  material  on  chromosome  arm  lp34 
to  be  from  8q24. 

The  modal  number  of  chromosomes  of  the  control  cell  line  MCF-10F  was  46  and  for  BP  IE 
transformed  cell  line  was  47.  BP1E  had  an  additional  isochromosome  lOq  (Figure  15).  DNA  losses 
were  not  observed  in  BP  IE  cell  line  using  CGH.  The  modal  chromosome  number  for  BPlE-17neo 
was  48.  BPlE-17neo  has  the  same  chromosomal  abnormalities  observed  in  BP1E  and  in  addition  has 
an  extra  copy  of  chromosomes  17  (Figure  15).  It  shows  the  same  gain  of  chromosome  lOq  as  seen  in 
BP1E.  The  extra  copy  of  chromosome  17,  probably  the  one  that  was  microinjected  appears  to  be 
rearranged  and  it  was  composed  of  most  of  the  p  arm  and  a  portion  of  17q22-ter  (Figure  1 5). 
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Figure  15.  Karyotyping  and  CGH 
analysis  of  MCF-10F,  BP  IE  and 
BPlE-17neo  cells.  The  main 
differences  found  in  the  G-banding 
and  CGH  analyses  are  included.  In 
the  three  cell  lines,  the  arrow  on 
chromosome  1  shows  the  extra 
material  at  lp34  present  in  the  three 
cell  lines.  The  arrows  on 
chromosome  3  and  chromosome  9 
indicated  the  translocated  regions 
between  these  chromosomes.  The 
isochromosomes  10  present  in 
BP1E  and  BPlE-17neo  are 
indicated.  The  extra  chromosome  17 
present  only  in  BPlE-17neo  is  also 
indicated.  Vertical  green  lines  on 
the  right  of  each  chromosome  in  the 
CGH  analysis  represent  gains, 
whereas  red  vertical  lines  on  the  left 
indicate  loss  of  genetic  material. 


Microsatellite  analysis.  Microsatellite  analysis  was  performed  using  25  markers  for  chromosome  17 
lying  near  D17S796  (Table  2).  No  differences  were  found  between  MCF10F,  BP1E  and  BP1E- 
17neo.  The  PCR  products  obtained  using  the  marker  D17S796  were  analyzed  using  capillary 
electrophoresis  (Figure  2)  and  the  only  difference  between  the  three  cell  lines  were  found  with  this 
marker  located  at  17pl3.2  confirming  our  previous  results  (Figure  16).  BP1E  showed  allelic 
imbalance  in  17pl3.2  using  the  marker  D17S796,  whereas,  BPlE-17neo  showed  a  pattern  similar  to 
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Table  2.  Markers  used  for  microsatellite  studies 


Marker 

Primer  Reverse  (5'  3') 

Primers  Forward  (5'  3'  ) 

Repeat 

Location 

D17S926 

CCGCAGAAGGCTGTTGT 

GCAGTGGGCCATCATCA 

dinucleotide 

17pl3 . 3 

D17S1840 

TGGGGCAGACTTGGTCCTT 

GCCTGGGCGACAGAGTGA 

dinucleotide 

17pl3 . 3 

D17S1528 

CAGAGGT GGAGATAAGGG 

AGT AGCCAGGAGGT  C AAG 

dinucleotide 

17pl3 . 3 

D17S831 

GCCAGACGGGACTTGAATTA 

CGCCTTTCCTCATACTCCAG 

17pl3 . 3 

D17S1810 

CCTAGTGAGGGCATGAAAC 

TGTCCACTGTAACCCCTG 

dinucleotide 

17pl3 . 3 

D17S1832 

TGTGTGACTGTTCAGCCTC 

ACGCCTTGACATAGTTGC 

dinucleotide 

17pl3 . 3 

D17S938 

ATGCTGCCTCTCCCTACTTA 

GGAC AG AAC AT  GGT  T AAAT AGC 

dinucleotide 

17pl3 . 2 

D17S796 

AGTCCGATAATGCCAGGATG 

CAATGGAACCAAATGTGGTC 

dinucleotide 

17pl3 . 2 

D17S260 

CTCCCCAACATGCTTTCTCT 

AATGGCTCCAAAAGGAGATATTG 

mononucl . 

17pl3 . 2 

D17S919 

GCTTAATTTTCACGAGGTTCAG 

AGGC AC AGAGT  G AG AC  T  T  G 

tetranucl . 

17pl3 . 2 

TTCTAGCAGAGTGAAACTGTCT 

AGC AAGAT  T  CT  GT  CAAAAGAG 

tetranucl . 

17pl3 . 2 

CGCTGATCTGTCAGGCAGCCCT 

AACAAGAGTGAACTCCATAGAGAG 

tetranucl . 

17pl3 . 2 

D17S720 

GAATTCTGAGCATATTGTTTGCCTG 

CCAGCCTTGGCAACATAGCAAGA 

tetranucl. 

17pl3 . 2 

D17S731 

TTTCTGGGGAAATTTTCTTGCTCTTA 

C AAC  CC  C AAGGT AAC AAC AT  C  C AG 

trinucleotide 

17pl3 . 2 

D17S578 

CTGGAGTTGAGACTAGCCT 

CTATCAATAAGCATTGGCCT 

dinucleotide 

17pl3 . 2 

D17S960 

TAGCGACTCTTCTGGCA 

T  GAT  GC AT AT AC AT  GC  GT  G 

dinucleotide 

17pl3 . 2 

D17S1881 

TAGGGCAGTCAGCCTTGTG 

CCCAGTTTAAGGAGTTTGGC 

dinucleotide 

17pl3 . 2 

D17S1353 

TACTATTCAGCCCGAGGTGC 

CTGAGGCACGAGAATTGCAC 

dinucleotide 

17pl3 . 2 

TP53  penta 

ACTCCAGCCTGGGCAATAAGAGCT 

ACAAAACATCCCCTACCAAACAGC 

pentanucl . 

17pl3 . 1 

ATCTACAGTCCCCCTTGCCG 

GCAACTGACCGTGCAAGTCA 

dinucleotide 

17pl3 . 1 

ACACAGACTTGTCCTACTGCC 

GGATGGCCTTTTAGAAAGTGG 

dinucleotide 

17q21 . 2 

CAGTTTCATACCAAGTTCCT 

AGTCCTGTAGACAAAACCTG 

dinucleotide 

17q21 . 31 

D17S250 

GCTGGCCATATATATATTTAAACC 

GG AAG AAT  C AAAT AGAC AAT 

dinucleotide 

17ql2 

THRA1 

CTGCGCTTTGCACTATTGGG 

CGGGCAGCATAGCATTGCCT 

dinucleotide 

17qll . 2 

GH 

TCCAGCCTCGGAGACAGAAT 

AGTCCTTTCTCCAGAGCAGGT 

17q22 .24 
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Figure  16.  Microsatellite  studies 
with  D17S796  marker  using  capillary 
electrophoresis. 


Growth  rates.  The  doubling  time  for  the  different  cell  lines  were  study  as  another  parameter  of  cell 
transformation.  BPlE-17neo  grew  at  slower  rate  compared  with  the  transformed  cell  line  BP  IE 
(Figure  17).  The  doubling  time  for  BPlE-17neo  was  24h,  1.5-fold  longer  than  the  BP1E  cell  that  has 
a  doubling  time  of  16h  and  similar  to  MCF-10F  that  was  24.6h. 


Growth  curves 


Doubling  time 
BP1E 

MCF-IOF 

-0-  BP1&17neo 

BPlE-17neo 

BP1E 

MCF-IOF 

Figure  3 

Figure  1 7.  Comparative 
growth  rates  in  vitro  among 
MCF-10F,  BP1E  and  BP1E- 
17neo  cells.  The  doubling 
time,  estimated  from  the 
growth  curves,  was 
significantly  higher  for 
BPlE-17neo  (24)  than  for 
BP1E  (16h).  The  doubling 
time  for  BP1E-1 7neo  was 
similar  to  MCF10F  (24. 6h). 

16K 
24h 
24.6  h 


Analysis  of  the  expression  of  DEFCAP  and  TP53  by  RT-PCR.  We  have  found  that  marker 
D17S796  is  approximately  at  l.lcM  downstream  of  the  DEFCAP  gene  (death  effector  filament- 
forming  Ced-4-like  apoptosis  protein)  and  1.3  cM  upstream  of  the  tumor  suppressor  gene  TP53. 
DEFCAP  has  two  isoforms,  DEFCAP-L  and  DEFCAP-S  and  they  differ  in  only  44  amino  acids  (70). 
We  study  TP53  and  DEFCAP  expression  in  the  three  cell  lines  by  RT-PCR  using  the  primers 
indicated  in  Table  3.  We  found  that  DEFCAP-L  was  downregulated  in  BP  IE  compared  with  MCF- 
10F  and  was  overexpressed  in  BPlE-17neo  (Figure  18).  No  differences  were  found  in  TP53 
expression  between  the  three  cell  lines  (Figure  18). 
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Figure  18.  RT-PCR  of  DEFCAP  and  TP53  in 
the  different  cell  lines.  RT-PCR  using  total  RNA 
from  MCF-10F,  BP  IE  and  BP  IE- 17  neo  cells.  B- 
actin  was  used  as  a  control  for  equal  RNA  quantity 
used  in  the  reactions.. 


Table  3.  Primers  used  for  RT-PCR 


Gene 

Reverse  Primer  (5' to  3') 

Forward  Primer  (5'  to  3') 

Size 

(bp) 

DEFCAP 

TCCCCCTTGGGAGTCCTCCTGAAAATGATC 

CGAGAACAGCTGGTCTTCTCCAGGGCTTCG 

322  and 

190 

P53 

TTCTTGCATTC  T  GGG AC AGC  C 

GCCTCATTCAGCTCTCGGAAC 

703 

p-actin 

GGGAAATCGTGCGTGACATTAAGG 

CTAGAAGCATTTGCGGT GGACGAT GGAGGGGCC 

520 

DEFCAP  Expression 


Figure  19:  Quantitation  of 
DEFCAP  expression  using 
Real  Time  RT-PCR  in  MCF- 
10F,  BP  IE  and  BP  IE- 17 
neo.. 


Figure  5 
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Analysis  of  the  expression  of  DEFCAP  by  Real  time  RT-PCR.  We  have  used  real  time  RT-PCR 
to  quantify  the  levels  of  DEFCAP  mRNA  in  MCF-10F,  BP1E  and  BPlE-17neo  cells.  We  found  that 
the  expression  of  DEFCAP  in  BP1E  is  0.4  times  less  than  MCF10F  cells,  whereas  in  BP1E-  17neo 
cells  was  20  folds  increased  (Figure  19).  Interestingly  DEFCAP  expression  was  significantly  low  in 
breast  adenocarcinoma  when  compared  with  their  normal  counterpart  (Figure  20). 


600  bp 
100  bp 
Figure  7. 


N;  Normal 
A:  Adeno  car dmoma 
BI:  Blank  (H20) 


Figure  20.  DEFCAP  expression  in  breast . 
RT-PCR  of  DEFCAP  in  human  normal  breast 
and  adenocarcinoma 


Apoptosis.  The  finding  that  DEFCAP  is  a  gene  controlling  apoptosis  led  us  to  determine  if  the  level 
of  expression  was  associated  with  this  function.  For  this  purpose  we  have  studied  apoptosis  in  BP  IE 
and  BPlE-17neo  using  Guava  Nexin  procedure  (Guava  Technologies  Inc.).  This  assay  utilizes 
Annexin  V  -PE  to  detect  phosphatidylserine  on  the  external  membrane  of  apoptotic  cells.  Annexin  V 
is  a  calcium  dependent  phospolipid  binding  protein  with  a  high  affinity  for  phosphatidylserine  (PS),  a 
membrane  component  normally  localized  to  the  internal  face  of  the  cell  membrane. 


Figure  21.  Apoptosis 
assay.  The  cell  lines 
were  treated  with 
50pM  Camptothecin 
for  24h  to  induce 
apoptosis.  More 

apoptotic  BPlE-llneo 
cells  were  observed  in 
early  apoptosis. 


Early  in  apoptosis,  PS  is  translocated  to  the  outer  surface  of  the  cell  membrane  where  Annexin  V  can 
bind  them.  Apoptosis  was  induced  using  50  pM  Camptothecin  and  the  cells  were  treated  during  20 
hs.  Differences  in  early  and  late  apoptosis  were  found  between  BP1E  and  BP1E-17  neo  (Figure  21). 
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.iv-Next  proposed  Plan  of  research 

Based  on  the  data  generated  during  this  training  grant  we  are  preparing  an  ROl  application  to  NIH 
for  studying  further  the  role  of  this  genes  in  breast  cancer.  This  plan  of  study: 

a-We  will  further  our  understanding  in  the  functional  role  of  DEFCAP  by  treating  the  three  cell  lines 
under  investigation  with  the  apoptotic  agent  Camptothecin  during  6h,  12h,  24h,  36h  and  48h. 
Northern  blots  and  RT-PCR  experiments  will  be  performed  to  study  DEFCAP  expression.  We  expect 
that  DEFCAP  expression  will  increase  during  apoptosis  in  MCF10F  and  BPlE-17neo  but  not  in 
BP  IE  cells. 

b-DEFCAP  siRNA  experiments  will  be  performed  using  MCF-10F  to  check  if  the  silencing  of  this 
gene  affects  the  normal  phenotype  of  this  cell  line.  We  expect  a  change  in  the  phenotype  of  this  cell 
line  to  a  transformed  phenotype  similar  to  BP  IE. 

c-BPlE  will  be  transfected  with  a  plasmid  harboring  DEFCAP  and  it  is  expected  that  the  over¬ 
expression  of  this  gene  in  this  cell  will  revert  the  transformed  phenotype. 

d-We  will  determine  if  the  DEFCAP  protein  expression  follows  the  same  pattern  in  primary  breast 
cancer  than  in  the  neoplastically  transformed  cells  in  vitro. 


C-  KEY  RESEARCH  ACCOMPLISHMENTS. 

C-i-  Predisposition  to  genomic  instability  in  breast  cancer:  Analysis  of  molecular  mechanisms. 

a-Recent  work  has  emphasized  the  dual  activity  of  centrosomes  in  contributing  to  control  of 
cell  polarization  in  interphase  cell  migration  but  also  in  coordinating  polarity  of  the  mitotic  spindle  in 
M-phase.  Centrosomally-associated  signaling  activities  also  govern  the  timing  of  mitotic  Entry. 

b-Our  work  on  HEF1  is  the  first  and  only  study  that  has  clearly  indicated  an  important 
function  of  the  Cas  proteins  in  profound  changes  in  physical  organization  during  mitosis.  We  have 
shown  HEF1  is  localized  to  the  centrosome  throughout  cell  cycle,  but  increased  significantly  at  G2/M 
boundary.  Over-expression  of  full  length  HEF1  causes  the  amplification  of  centrosomes  and  as  a 
consequence,  multipolar  spindle  formation.  Depletion  of  HEF1  using  siRNA  approach  resulted  in 
premature  splitting  of  the  centrioles  and  malformed  spindles.  HEF1  is  a  potential  Auroral  substrate. 
HEF1  directly  interact  with  Aurora  and  Ajuba  might  be  involved  in  Auroral  activation  during  mitosis 
onset.  Serine  rich  region  of  HEF1  is  important  for  localization  to  the  centrosome. 

c-Defects  in  the  integrity  of  cellular  division  at  mitosis  are  important  predisposing  factors  to 
breast  cancer,  as  reflected  by  the  defects  in  ploidy  and  over-duplication  of  centrosomes  in  many 
primary  breast  cancers. 

C-ii-  The  codon  47  polymorphism  of p53  is  functionally  significant.  By:  Xiaoxian  Li,  Ph.D. 

a-The  S47  variant  shows  significantly  decreased  phosphorylation  of  serine  46. 

b-The  phosphorylation  of  serine  46  is  an  upstream  event  and  affects  the  phosphorylation  level 
of  serine  20. 
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c-The  S47  variant  shows  compromised  apoptotic  ability. 

d-The  p38  kinase  is  a  key  player  in  the  phosphorylation  of  serine  46  by  interaction  with 
proline  47.  When  p38  is  inhibited,  the  phosphorylation  of  serine  46  is  inhibited,  as  well  as  are  the 
serine  20  and  the  apoptotic  ability  of  p53. 

e-The  S47  variant  has  compromised  apoptotic  ability  because  it  possesses  decreased  ability  to 
transactivate  PUMA. 

C-iii-  Development  of  a  Mouse  Model  for  the  Targeted  Disruption  of  theAppl  Gene  in  Mammary 
Gland. 


a-We  have  isolated  and  characterized  genomic  fragments  of  Appl  from  a  phage  129Sv  mouse 
genomic  library.  A  9.3 -kb  sequence,  flanking  exon  2  to  exon  7  of  Appl,  was  used  to  generate  a 
targeting  construct  containing  LoxP  sites  and  neomycin  resistance  sequence. 

b-We  are  using  this  homologous  construct  to  electroporate  embryonic  stem  cells  that  will  be 
selected  for  resistance  to  G418  and  homologous  recombination  of  the  targeting  construct. 

C-iv-  Cloning  of  a  new  gene/s  in  chromosome  1 7pl3.2-13.1  that  control  apoptosis 

a-DEFCAP  gene  (death  effector  filament-forming  Ced-4-like  apoptosis  protein)  is 
approximately  at  l.lcM  downstream  of  the  marker  D17S796. 

b-DEFCAP  also  known  as  NALP1,  NAC  or  CARD7,  and  it  was  the  first  NALP-family 
protein  to  be  identified  on  the  basis  of  its  sequence  homology  to  APAF-1  (70-73)  is  down-regulated 
in  BP1E  cells  and  overexpressed  in  BPIE-neo  cells  in  comparison  with  MCF10F  cells. 

c-DEFCAP  expression  is  associated  with  apoptosis  and  the  abrogation  of  the  neoplastic 
phenotype.  In  addition  this  could  be  relevant  to  the  human  disease  since  primary  breast  cancer  has 
lower  level  of  expression  of  this  gene. 

d-p53  a  gene  close  to  D17S796  is  not  affected  during  the  neoplastic  transformation  and  is  not 
modified  when  Ch.  17  was  transferred  to  the  transformed  cells. 


D-  REPORTABLE  OUTCOMES 

1.  Pugacheva.  E.,  Golemis,  E.  The  scaffolding  protein  HEF1  regulates  the  centrosome  division  cycle 
and  M-phase  progression.  Proc.  American  Society  for  Cell  Biology,  Abstract  1847.  December  14- 

1 8th,  2002.  San  Francisco,  CA. 

2.  Pugacheva.  E.  and  Golemis,  E.  Deregulation  of  HEF  1  expression  in  breast  cancer  cells  cause 
severe  defects  in  centrosome  and  spindle  dynamics.  Fox  Chase  Cancer  Center  Postdoctoral  Day,  6 
June  2003,  Philadelphia,  PA  (Poster  presentation) 
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3.  Pugacheva,  E„  Serebriisskii ,  I.G.,  Finley,  R.J.  and  Golemis,  E.  Dissection  of  HEF  1  fubction  by 
aptamer  peptides.  American  Society  for  Cell  Biology  Abstract  935.  December  14-18th,2003.  San 
Francisco,  CA. 

4.  Serebriiskii,  I.G.,  Mitina,  O.,  Pugacheva.  E..  Benevolenskaya,  E.,  Kotova,  E.,  Toby,  G.G., 

Khazak,  V.,  Kaelin,  W.G.,  Chemoff,  J.,  and  Golemis,  E.A.  Detection  of  peptides,  proteins,  and  drugs 
that  selectively  interact  with  protein  targets.  Genome  Res  12:  1785-1791, 2002. 

5.  Pugacheva,  E.N.,  Longmore,  G.D.  and  Golemis,  E.  HEF1  regulates  chromosomal  maturation  and 
spindle  formation  through  control  of  the  Aurora-A  kinase.  Manuscript  in  preparation. 

6. Li,  X..  Dumont  P.,  Della  Pietra  A.  and  Murphy  M.  The  codon  47  polymorphic  variant  of  p53  is 
associated  with  altered  phosphorylation  pattern  and  decreased  apoptosis.  (In  Preparation) 

7-  You,  H.  and  Testa,  J.R.  Involvement  of  Akt  in  vitamin  E  succinate-induced  apoptosis.  Graduate 
and  Postdoctoral  Day  at  the  Fox  Chase  Cancer  Center.  Philadelphia,  PA.2004 

8-  Fernandez,  S.V.,  Lareef,  M.H..,  Russo,  I.H.,  Balsara,  B.B.,  Testa,  J.  and  Russo,  J.  Role  of  17pl3.2 
in  the  neoplastic  transformation  of  human  breast  epithelial;  cells.  Proc.  Am.  Assoc.  Cancer  Res. 
2004. 

9-  Lareef,  M.,  Fernandez,  S.V..  Russo,  I.H.,  Balsara,  B.  and  Russo,  J.  Role  of  17pl3.2  in 
the  neoplastic  transformation  of  human  breast  epithelial  cells.  Submitted  for  Publication. 


E-  CONCLUSIONS  AND  SIGNIFICANCE: 

i- The  phenotypes  we  have  observed  in  cells  over  expressed  or  depleted  of  HEF  1  is  exactly 
coincident  with  the  cells  similarly  manipulated  for  AuroraA  kinase  or  Nek2  kinase  and  it  downstream 
partner  cNAPl.  Based  on  preliminary  date  we  proposed  that  HEF1  could  be  a  cohesion  factor  in  the 
centrosome  of  epithelial  cells  and  play  the  same  role  as  c-NAPl  in  the  fibroblast  (HEF1  is  not 
expressing  in  the  fibroblasts),  i.e.,  preventing  centriolar  separation.  Alternatively,  it  could  work  as 
activator  of  Aurora  A  kinase,  bringing  his  partner  Ajuba  in  complex  with  Aurora  A.  In  our  model, 
over  expression  of  HEF  1  keeps  centrioles  together  and  supports  over-duplication,  but  depletion  of 
HEF1  causes  centriolar  splitting  and  defects  in  spindle  formation.  The  regulatory  mechanism  for  the 
disassociation  of  HEF  1  protein  from  the  centrosome  could  be  phosphorylation  of  HEF  1  by  the  active 
Aurora  A  kinase  during  earlier  stages  of  cell  cycle  progression.  Our  data  for  the  first  time  suggest  an 
additional  model  for  the  function  of  the  Cas  proteins  in  cancer,  wherein  defective  signaling  through 
HEF1  or  pl30Cas  promotes  genomic  instability,  allowing  rapid  selection  for  other  genetic  changes 
associated  with  cancer  progression,  including  increased  tendency  to  drug  resistance. 

ii-  Our  results  clearly  show  that  the  proline  47  polymorphic  variant  is  functionally  significant, 
and  has  impaired  ability  to  induce  programmed  cell  death  relative  to  wild  type  p53.  In  the  S47 
variant,  the  phosphorylation  of  serine  46  is  decreased  by  2  fold.  Importantly,  the  S47  variant  has  2-3 
fold  compromised  apoptotic  function  in  both  HI 299  and  Saos2  cells.  The  phosphorylation  of  serine 
46  does  not  affect  the  phosphorylation  on  other  sites  except  for  serine  20.  Although  our  data  indicate 
the  phosphorylation  level  of  serine  46  is  more  important  in  the  apoptotic  ability  of  p53,  it  remains 
unclear  how  much  the  phosphorylation  of  serine  20  contributes  to  the  apoptotic  function  of  p53. 
Consistent  with  other  reports,  our  results  show  p38  kinase  plays  an  indispensable  role  in  the 
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phosphorylation  of  serine  46.  Inhibition  of  p38  results  in  a  2-fold  deduction  of  the  phosphorylation 
of  serine  46  and  2-fold  decreased  apoptotic  ability  of  p53.  The  important  role  of  p38  kinase  in 
phosphorylating  serine  46  was  confirmed  in  MCF7  cells  with  endogenous  p53.  The  S47  p53  shows 
compromised  apoptotic  ability  because  it  does  not  up-regulate  PUMA  as  well  as  wild  type  p53.  Our 
observation  of  the  compromised  apoptotic  ability  of  S47  p53  may  indicate  that  cancer  patients  with 
this  variant  have  worse  prognosis  upon  chemo-  or  radio-therapy.  Thus  it  may  be  worthwhile  to 
screen  cancer  patients  at  codon  47  of  p53  before  choosing  regime.  Significantly,  3  to  5%  of  African 
Americans  have  germline  S47  p53.  It  would  be  interesting  to  test  whether  these  people  have  high 
risk  of  developing  cancers.  Since  phosphorylation  of  S46  is  relatively  newly  shown  to  be  important 
in  apoptosis,  not  much  work  has  been  done  to  evaluate  its  role  in  breast  cancer.  However,  because  of 
the  important  role  of  p53  in  breast  cancer,  we  would  predict  patients  with  decreased  phosphorylation 
of  codon  46  of  p53  would  have  worse  prognosis.  The  phosphorylation  level  of  codon  46  may  be 
useful  in  predicting  the  progression  and  outcome  of  breast  cancer.  We  will  focus  on  finding  out 
whether  other  pro-apoptotic  p53  target  genes  are  affected  by  the  S47  polymorphism.  Specifically, 
micro-array  analysis  will  be  performed  to  screen  out  the  sub-set  of  apoptotic  genes  which  are  less  up- 
regulated  by  the  S47  p53.  Chromatin  immuno-precipitation  is  being  conducted  to  test  whether  wt 
p53  binds  better  to  the  PUMA  promoter  than  the  S47  variant.  We  will  also  establish  breast  cancer 
cell  lines  to  directly  confirm  the  difference  of  apoptotic  ability  between  wt  and  S47  p53  in  breast 
cancer  cells. 

iii-  A  9.3-kb  DNA  genomic  sequence,  flanking  exon  2  to  exon  7  of  Appl,  was  isolated  and 
characterized,  and  was  used  to  generate  a  targeting  construct  containing  LoxP  sites  and  neomycin 
resistance  sequence.  In  order  to  understand  the  significance  of  the  Appl  during  cellular  processes  and 
the  potential  interaction  with  other  signaling  molecules  such  as  AKT2,  it  is  important  to  analyze  this 
gene  in  the  context  of  a  living  animal.  In  particular,  the  generation  of  Appl  mice  with  targeted 
disruption  of  Appl  in  the  mammary  gland  will  elucidate  the  role  of  Appl  in  mammary  development. 
Mating  Appl  mice  with  other  mouse  models  of  breast  cancer  will  reveal  the  potential  of  Appl  in 
contributing  to  breast  tumorigenesis.  We  will  breed  chimeric  mice  to  obtain  mice  heterozygous  and 
homozygous  for  LoxP  incorporated  Appl  alleles.  We  will  breed  these  mice  with  MMTV-Cre  or 
WAP-Cre  transgenic  mice  to  disrupt  the  Appl  gene  in  mammary  gland,  delineate  the  phenotype  of 
Appl- targeted  disruption  in  the  mammary  gland,  and  elucidate  the  function  of  Appl  in  breast 
development  and  during  mammary  involution.  These  studies  may  provide  insights  regarding  in  vivo 
mammary-specific  apoptotic  signaling  and  potential  targets  for  therapeutic  intervention.  We  also 
intend  to  breed  floxed  Appl  mice  to  Ella-Cre  transgenic  mice  to  generate  mice  with  Appl  deleted 
during  embryogenesis.  If  disrupting  the  Appl  gene  during  embryogenesis  is  not  lethal,  we  will  breed 
these  mice  with  Akt2  KO  mice  (previously  generated  by  Dr.  D.  Altomare  in  our  laboratory)  to  further 
delineate  the  role  of  Appl  in  mammary  gland  development,  or  with  Pten  KO  mice  (available  from  our 
collaborator,  Dr.  A.  Cristofano),  MMTV-Akt2,  or  MMTV-Her2  transgenic  mice  to  study  the  function 
of  Appl  in  mammary  tumorigenesis.  Previous  data  from  our  laboratory  showed  that  Akt  plays  a 
critical  role  in  mammary  gland  involution.  By  breeding  Appl  KO  mice  with  MMTV-^^2  transgenic 
mice  or  with  Akt 2  KO  mice,  we  will  determine  if  Appl  can  regulate  Akt2  function  in  normal 
mammary  gland  development,  especially  during  lactation  and  involution.  About  60%  of  Pten- 
deficient  mice  develop  breast  cancer  by  10  months  (A.  Di  Cristofano,  personal  communication).  By 
breeding  Pten  KO  mice  or  MMTV-Her2  transgenic  mice  with  Appl  KO  mice,  we  will  be  able  to 
investigate  whether  Appl  deficiency  can  alter  the  incidence,  size,  or  aggressiveness  of  mammary 
tumors.  In  order  to  unravel  the  full  spectrum  of  Appl  function,  it  is  important  to  analyze  this  gene  in 
the  context  of  a  living  animal.  The  use  of  Appl  conditional  KO  mice  will  complement  our 
laboratory’s  ongoing  in  vitro  studies.  Gene  inactivation  through  homologous  recombination  is  an 
unambiguous  means  to  target  Appl,  thereby  eliminating  its  function  and  establishing  a  phenotype  for 
Appl  loss-of-function.  The  resulting  Appl  KO  mice  will  be  interbred  with  WAP-Cre  or  MMTV-Cre 
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transgenic  mice,  Ella-Cre  transgenic  mice,  and  other  transgenic  or  knockout  mice  with  genetic 
defects  in  the  Akt  signaling  pathway  to  determine  if  Appl  has  an  important  physiological  function  in 
mammary  gland  development  and  mammary  tumorigenesis. 

iv-All  together  the  data  indicate  that  17pl3.2  near  the  marker  D17S796  contains  the  DEFCAP 
gene  that  when  inactivated  is  associated  with  the  expression  of  cell  transformation  phenotypes,  and 
that  in  vitro  condition  are  expressed  as  increase  doubling  time,  colony  formation  in  semisolid  media, 
loss  of  the  ability  to  from  ductules  in  collagen  matrix,  loss  of  the  response  to  apoptosis  inducing 
agent,  and  in  vivo  has  been  associated  with  ductal  hyperplasia  and  carcinoma  in  situ  of  the  breast  (39) 
that  are  early  stages  of  breast  cancer. 
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functions  in  the  organization  of  discrete  multiple  iMTOCs  during  interphase 
and  in  the  nucleation  of  eMTOC  microtubules  during  cytokinesis.  Mutant 
bndlS  cells  fail  to  form  multiple  bundles  of  iMTOC  microtubules,  and  instead 
have  a  single  aggregated  bundle  of  microtubules  during  interphase.  The 
defective  iMTOC  microtubule  organization  leads  to  bent-shaped  instead  of  the 
normal  rod-shaped  cell  morphology.  During  mitosis,  mutant  bndlS  cells  fail  to 
nucleate  the  eMTOC  microtubules.  bndl-GFP  localizes  to  the  SPB,  eMTOC, 
and  iMTOCs,  and  also  appears  as  dynamic  “dots”  along  the  interphase 
microtubule  bundles.  Our  findings  suggest  a  model  where  bndlp  is  a  common 
component  of  the  three  types  of  MTOCs,  yet  plays  distinct  roles  in  nucleation 
and  organization  of  microtubules  throughout  the  cell  cycle. 

1846 

Novel  centrosome  proteins  required  for  the  final  stages  of  cytokinesis 
A.  Gromley,  S.  Doxsey;  UMASS  Medical  School,  Worcester,  MA 
Centrosomes  have  been  implicated  in  cytokinesis  and  cell  cycle  progression  in 
vertebrate  cells,  although  the  molecular  components  that  regulate  these 
processes  have  not  been  identified.  Recently  we  have  described  a  novel 
centriolar  protein  called  centriolin,  which  functions  in  both  processes. 
Centriolin  shares  homology  with  the  budding  and  fission  yeast  spindle  pole 
body  component  Nudlp/Cdcllp,  which  anchors  regulatory  pathways  involved 
in  mitotic  exit/cytokinesis.  Altering  centriolin  protein  levels  induces  a  unique 
cytokinesis  phenotype  characterized  by  the  persistence  of  a  thin  intracellular 
bridge  between  two  daughter  ceils.  These  defects  suggest  a  function  of 
centriolin  in  the  late  stages  of  cytokinesis,  which  may  involve  membrane 
delivery  and  fusion  as  weli  as  midzone  microtubule  stability.  To  identify 
proteins  which  interact  with  centriolin,  a  yeast  two-hybrid  screen  was  conducted 
using  the  Nudl-like  domain  as  bait.  Results  of  this  screen  identified  several 
proteins  including  a  novel  GTPase  Activating  Protein  (GAP),  referred  to  here  as 
agGAP.  Similar  to  the  centriolin  phenotype,  silencing  of  agGAP  results  in 
cytokinesis  defects  indistinguishable  from  those  observed  upon  centriolin 
silencing.  Based  on  its  interaction  with  centriolin  as  well  as  its  phenotypic 
similarities,  we  propose  that  agGAP  represents  an  additional  member  of  a 
cytokinesis  signaling  pathway  in  vertebrate  cells. 

1847 

The  scaffolding  protein  HEF1  regulates  the  centrosome  division  cycle  and 
M-phase  progression. 

E.  N.  Pugacheva,  E.  A.  Golemis;  Fox  Chase  Cancer  Center,  Philadelphia,  PA 
HEF1,  pl30Cas,  and  Efs/Sin  define  the  Cas  (Crk-associated  substrate)  family  of 
scaffolding  proteins.  The  best-studied  role  of  these  proteins  is  as  intermediates 
in  integrin-dependent  signaling,  contributing  to  regulation  of  cell  adhesion,  cell 
migration,  and  cell  survival.  We  here  report  a  completely  unexpected  function 
for  the  HEF1  protein  in  control  of  progression  through  mitosis.  Beyond  its  well- 
established  localization  at  focal  adhesions  in  interphase  cells,  we  find  that 
endogenous  HEF1  localizes  to  the  centrosome  during  the  S  and  G2  phases  of 
cell  cycle,  to  the  mitotic  spindle  in  early  M-phase,  and  proximal  to  the  midbody 
at  cytokinesis.  We  have  manipulated  HEF1  by  use  of  peptide  aptamers  targeted 
to  stabilize  full  length  endogenous  HEF1;  by  overexpression  of  full  length 
HEF1;  and  by  siRNA  depletion.  Increases  the  level  of  HEF1,  whether  in 
asynchronous  cultures  or  specifically  at  the  G2/M  boundary,  result  in  defects  in 
cleavage  furrow  progression  and  abscission  in  cytokinesis,  frequently 
accompanied  by  development  of  supernumerary  centrosomes  and  a  multipolar 
spindle.  Conversely,  depletion  of  HEF1  results  in  premature  centrosomal 
splitting,  frequent  appearance  of  monoastral  spindles,  and  defects  in  progress 
through  early  stages  of  mitosis.  These  defects  are  similar  to  those  seen  with 
deregulation  of  centrosomal ly-associated  regulatory  proteins  required  for  M- 
phase  progression,  including  the  Cdcl4a  phosphatase  and  the  AuroraA-BTAK- 
STK15.  Work  in  progress  also  indicates  that  HEF1  association  with  the 
centrosome  is  controlled  by  post-translational  modification  by  centrosomally 
active  cell  cycle  regulatory  kinases.  We  postulate  that  HEF1  at  the  centrosome 
serves  as  a  scaffold  to  promote  the  activity  of  signaling  complexes  required  for 
centrosomal  maturation  and  movement,  thereby  providing  an  important  input  to 
the  regulation  of  mitotic  progression,  and  we  propose  that  long  term 
deregulation  of  HEF1  may  contribute  to  genomic  instability. 

1848 

Centrosome  Maturation  and  Spindle  Assembly  in  C.  elegans  Requires  SPD- 
2,  a  Coiled-Coil  Domain  Protein. 

K.  F.  O'Connell,1  K.  R.  Kopish,1  J.  Ahringer,2  C.  A.  Kemp1  ;  1  Lbg, 
NIDDK/NIH,  Bethesda,  MD,  2  Wellcome  CRC  Institute  and  Department  of 
Genetics,  University  of  Cambridge,  Cambridge,  United  Kingdom 
Centrosomes  play  a  critical  role  in  assembly  of  the  mitotic  spindle  but  the 
composition  of  these  dynamic  organelles  and  the  mechanisms  that  regulate  their 
activity  remain  poorly  understood.  The  spd-2  gene  of  C.  elegans  is  required  for 
maturation  of  the  centrosome  and  spindle  assembly.  In  the  absence  of  spd-2 
activity,  astral  microtubules  are  poorly  organized  and  centrosome  components 
such  as  gamma-tubulin  fail  to  localize.  We  have  cloned  spd-2  and  found  that  it 
encodes  a  phosphoprotein  with  several  predicted  coiled-coil  domains.  Using 
both  antibodies  and  a  SPD-2: :GFP  fusion  construct,  we  find  that  SPD-2  protein 
localizes  to  interphase  nuclei,  centrioles,  and  pericentriolar  material.  In  early 
embryos,  SPD-2  gradually  accumulates  at  the  centrosome  concomitant  with  an 
increase  in  microtubule  organizing  activity.  Association  of  SPD-2  with  the 


centrosome  does  not  require  microtubules,  cytoplasmic  dynein,  aurora-A  kinase, 
or  ZYG-9,  an  XMAP215  homolog.  Interestingly,  SPD-2  interacts  genetically 
with  dynein  heavy  chain  and  SPD-5,  another  coiled-coil  protein  required  for 
centrosome  function.  SPD-2  and  SPD-5  are  dependent  on  one  another  for 
localization  to  the  pericentriolar  region  but  SPD-2  localizes  to  centrioles 
independently  of  SPD-5.  These  data  indicate  that  SPD-2,  SPD-5,  and  dynein 
heavy  chain  function  in  a  common  pathway  to  regulate  microtubule  nucleation. 

1849 

Interaction  of  Aurora-A  and  Centrosomin  at  the  Microtubule-nucleating 
Site  in  Drosophila  and  Mammalian  Cells 

Y.  Terada,  Y.  Uetake,  R.  Kuriyama;  Genetics,  Cell  Biology,  and  Development, 
University  of  Minnesota,  Minneapolis,  MN 

A  mitosis-specific  Aurora-A  kinase  has  been  implicated  in  microtubule 
organization  and  spindle  assembly  in  diverse  organisms.  However,  exactly  how 
Aurora-A  controls  the  microtubule  nucleation  onto  centrosomes  is  unknown. 
Here  we  show  that  Aurora-A  specifically  binds  to  the  C-terminal  domain  of  a 
Drosophila  centrosomal  protein,  centrosomin  (CNN),  which  has  been  shown  to 
be  important  for  assembly  of  mitotic  spindles  and  spindle  poles.  Aurora-A  and 
CNN  are  mutually  dependent  for  localization  at  spindle  poles,  which  is  required 
-for  proper  targeting  of  y-tubulin  and  other  centrosomal  components  to  the 
centrosome.  The  N-terminal  half  of  CNN  interacts  with  y-tubulin/y-tubulin 
containing  protein  complexes  and  induces  cytoplasmic  foci  that  can  initiate 
microtubule  nucleation  in  vivo  and  in  vitro  in  both  Drosophila  and  mammalian 
cells.  These  results  suggest  that  Aurora-A  regulates  centrosome  assembly  by 
controlling  the  CNN’s  ability  to  targeting  and/or  anchoring  y-tubulin/y-tubulin 
complex  to  the  centrosome  and  organizing  microtubule-nucleating  sites  via  its 
interaction  with  the  C-terminal  sequence  of  CNN.# 

1850  ' 

D-PLP  in  centrosome  and  centriole  function 

M.  Martinez  Campos,1  R.  Basto,1  J.  Baker,2  M.  Keman,2  J.  W.  Raff1  ;  1 
Wellcome/Cancer  Research  UK  Institute,  Cambridge,  United  Kingdom,  2 
Department  of  Neurobiology  and  Behaviour,  S.U.N.Y.,  Stony  Brook,  NY 
Proteins  that  contain  a  pericentrin/AKAP450  centrosomal-targeting  (PACT) 
domain  have  been  implicated  in  recruiting  other  proteins  to  the  centrosome.  We 
show  that  the  Drosophila  pericentrin-like  protein  (D-PLP)  is  concentrated  both 
in  centrioles  and  in  the  pericentriolar  material  (PCM).  The  centrosomal 
recruitment  of  all  the  centrosomal  proteins  that  we  tested  (y-tubulin, 
Centrosomin,  D-TACC,  Msps,  CP  190,  and  CP60)  is  impaired  in  D-plp  mutant 
cells,  but  cell  division  occurs  relatively  normally,  and  homozygous  D-plp 
mutant  flies  are  viable.  Mutant  flies,  however,  are  severely  uncoordinated,  and 
we  show  that  the  formation  of  ciliated  structures  is  abnormal;  as  a  result,  mutant 
sperm  cells  and  sensory  neurons  are  defective.  We  conclude  that  D-PLP  is 
required  for  both  centrosome  and  centriole  function,  and  we  propose  that  D- 
PLP  serves  as  a  structural  link  between  the  centrioles  and  the  PCM. 

1851 

Mapping  interactions  at  the  centrosome 

S.  Elliott,  T.  Steams;  Biological  Sciences,  Stanford  University,  Stanford,  CA 
The  centrosome  is  the  major  microtubule  organizing  center  of  the  cell. 
Centrosomes  are  central  to  cytoplasmic  organization,  chromosome  segregation 
and  cell  division.  Defects  in  centrosome  behavior  can  lead  to  missegregation  of 
chromosomes  during  cell  division  resulting  in  genomic  instability  and 
aneuploidy.  One  of  the  problems  with  studying  the  centrosome  is  that  little  is 
known  about  its  protein  composition  or  how  its  components  interact  with  each 
other  to  carry  out  essential  centrosomal  functions.  Therefore,  it  is  important  to 
increase  understanding  of  the  centrosome  not  just  by  identifying  more 
centrosomal  proteins,  but  also  by  studying  their  interactions  at  the  centrosome. 
For  example,  centrin  and  members  of  the  tubulin  family  are  required  for 
centrosome  duplication.  We  can  use  these  proteins  to  search  for  interacting 
proteins  that  may  also  play  crucial  roles  in  centrosome  function.  Numerous 
detailed  studies  on  the  budding  yeast  centrosome,  the  spindle  pole  body  (SPB), 
have  allowed  the  construction  of  an  interaction  map  of  all  the  known  SPB 
components.  We  aim  to  construct  a  similar  interaction  map  for  the  mammalian 
centrosome.  This  map  will  be  an  important  tool  for  the  future  of  centrosome 
research.  In  order  to  develop  this  interaction  map,  we  take  advantage  of  well 
established  techniques,  such  as  the  yeast  two-hybrid  interaction  trap  and 
‘immunoprecipitation.  We  also  have  the  ability  to  study  alternative  centrosome- 
Iike  structures  that  form  at  the  center  of  microtubule  asters  in  frog  egg  extract 
and  the  basal  bodies  at  the  base  of  sperm  tails,  which  can  give  valuable 
information  about  centrosomal  substructures. 

Intracellular  Movement  (1852-1868) _ 
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BicaudalD  and  the  regulation  of  intracellular  transport  in  Drosophila 
embryogenesis 

K.  S.  Larsen,  S.  P.  Gross;  Developmental  and  Cellular  Biology,  University  of 
California,  Irvine,  Irvine,  CA  " 

BicaudalD  (BicD)  is  known  to  be  involved  in  the  dynein-dynactin  mediated 
transport  of  nuclei,  mRNA  particles,  and  golgi,  however  its  exact  function  is 
unclear.  Here  we  report  a  new  regulatory  role  for  BicD  in  the  transport  of 


DEREGULATION  OF  HEF1  EXPRESSION  IN  BREAST  CANCER  CFT  T  <5 
CAUSES  SEVERE  DEFECTS  IN  CENTROSOME  AND  SPINDLE  DYNAMICS 


Elena  Pugacheva  and  Erica  Golemis 
Fox  Chase  Cancer  Center,  Philadelphia,  PA  19111 


he  Cas  proteins  are  central  components  of  integrin-dependent  signaling  networks.  Cas 
pro  ems  are  docking  molecules  containing  many  protein  interaction  domains.  HEF1  is  one  of  the 
m°S  .^ell."studied  9*?  family  members.  HEF1  is  present  in  many  cell  lines,  but  is  most  abundant 
m  epithelial  cells  of  the  breast  and  lung,  and  in  aggressive  breast  and  lung  carcinoma  cell  lines. 

HEFI  protein  relocalizes  from  focal  adhesions  to  the  mitotic  apparatus  during  the  M 
phase  of  cell  cycle,  but  the  significance  of  this  localization  change  had  not  been  clear.  To  clarify 
£  ^ction  of  HEFI  protem  m  mitosis  we  first  analyzed  the  distribution  of  HEFI  throughout 
&e  cell  cycle.  Using  high  resolution  confocal  analysis,  and  two  distinct  antibodies  specific  for 
in  immunofluorescence,  we  have  now  determined  that  a  population  of  endogenous  HEFI 
associates  with  the  centrosome  throughout  cell  cycle  in  MCF7  and  Hela  cells.  As  a  separate 
control,  we  have  determined  that  overexpressed  GFP-HEF1  also  localizes  to  the  centrosome 
Overexpression  of  HEFI,  either  by  transient  transfection  or  through  use  of  a  set  of  stable 
tetracyclme-repressible  cell  lines  in  an  MCF-7  parental  background,  or  stabilization  of 
endogenous  HEFI,  using  of  a  set  of  specific  peptide  “aptamers”,  resulted  in  centrosomal 
amplification,  with  cells  containing  in  excess  of  4  centrosomes.  Based  on  this  failure  rate 
populations  over-expressing  HEF 1  accumulated  binucleate  (polyploid)  cells. 

In  contrast,  depletion  of  HEFI  by  siRNA  resulted  in  the  premature  splitting  of  the 
cen  rosomes  m  more  than  70%  of  the  cell  population  and  monoastral  spindle  formation. 

gumgly,  the  two  phenotypes  associated  with  over-  versus  under-expressed  HEFI  are  very 
similar  to  the  recently  reported  phenotypes  for  under-  versus  over-expressed  Cdcl4A.  Cdcl4A 

1S  n  ^Uman  ph°sPhatase  that  has  been  shown  to  be  a  crucial,  centrosome-associated  regulator  of 
cell  division.  Taken  together,  these  data  strongly  support  the  hypothesis  that  HEFI  has  an  active 
function  m  the  regulation  of  cell  division  at  mitosis  through  the  centrosomal  apparatus. 
Investigations  into  the  mechanistic  basis  for  this  function  are  in  progress. 
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multiple  mitotic  checkpoints  and  suggest  that  y-tubulin  plays  an  important  role  in 
the  regulation  of  mitotic  progression.  Supported  by  grant  GM31837  from  the 
NIH. 

934 

Cell  Cycle  Dependent  Properties  of  the  Novel  Spindle  Protein  Astrin 
G.  J.  Mack,1  B.  K.  Kaiser,'  P.  K.  Jackson,"  D.  A.  Compton1 ; 1  Biochemistry, 
Dartmouth  Medical  School,  Hanover,  NH, 2  Pathology,  Microbiology  and 
Immunology,  Stanford  University  School  of  Medicine,  Palo  Alto,  CA 
Astrin  is  a  novel  mitotic  spindle  and  kinetochore- associated  protein  that  was 
identified  from  in  vitro  assembled  microtubule  asters  using  mass  spectrometry 
(PNAS,  2001,  98:14434-39).  Astrin  possesses  no  known  functional  motifs  other 
than  two  regions  of  predicted  coiled-coil  and  has  no  known  function.Here  we 
characterize  the  cell  cycle  properties  of  astrin.  Astrin  is  phosphorylated  in  a 
mitosis  specific  manner  as  judged  by  a  reduction  in  its  molecular  weight  when 
isolated  from  mitotic  cells  followed  by  treatment  with  lambda  phosphatase.  Upon 
fractionating  cell  extracts  by  sucrose  gradient  centrifugation  or  gel  filtration, 
astrin  is  found  to  be  present  in  a  large  mitosis-specific  complex.  Assembly  of 
astrin  into  this  complex  is  phosphorylation  dependent  as  dephosphorylation  with 
lambda  phosphatase  results  in  the  release  of  astrin.  Yeast  two  hybrid  analysis  has 
also  shown  that  the  centrosomal  phosphatase  Cdcl4A  interacts  with  astrin  and  is 
capable  of  its  dephosphorylation.  Astrin  also  undergoes  significant  changes  in 
abundance  during  the  cell  cycle  due  to  ubiquitin-mediated  proteolysis.  Both  astrin 
antibody  injection  and  RNAi  appear  to  cause  cells  to  be  delayed  in  progression 
through  prometaphase.  However,  once  past  this  delay  cells  form  normal  bipolar 
spindles,  align  chromosomes  correctly  and  enter  anaphase.  These  data  suggest 
that  astrin  plays  a  functional  role  in  mitotic  progression,  but  that  redundantly 
acting  factors  compensate  when  it  is  perturbed. 

935 

Dissection  of  HEF1  function  by  aptamer  peptides 
E.  N,  Pugacheva,1 1.  G.  Serebriiskii, 1  R.  J.  Finley,2  E.  A.  Gdlemis1  ; 1  Basic  , 
Sciences,  Fox  Chase  Cancer  Center,  Philadelphia,  PA, 2  Center  for  Molecular 
Medicine  and  Genetics,  Wayne  State  University  School  of  Medicine,  Detroit,  MI 
Integral-mediated  cell  adhesion  to  extracellular  matrix  (ECM)  is  crucial  for  many 
cell  activities  including  proliferation,  migration  and  survival.  Cas-protein  family, 
including  pl30Cas  and  HEF1  has  been  shown  to  be  important  in  control  of  cell 
migration  and  decisions  between  survival  and  apoptosis.  The  full-length  HEF1 
protein  (115  and  105  kD)  contains  an  N-terminal  SH3  domain,  substrate  domain 
and  conserved  C-terminal  domain.  Post-translational  modifications  of  HEF1 
produce  multiple  HEF1  isoforms.  Cleavage  of  the  full  length  HEF1  at  two 
caspase  consensus  sites,  DLVD  (aa360  -  363)  and  DDYD  (aa627  -  630) 
produce  a  stable  p55kD  N-terminal  isoform,  and  rapidly  degraded  C-terminal 
fragments.  Following  this  processing,  the  p55  isoform  tightly  associates  with  the 
mitotic  spindle  during  mitosis,  then  is  degraded  at  the  return  to  Gl.  To  probe  the 
function  of  p55  in  mitosis  we  have  sought  to  selectively  block  DLVD  cleavage  in 
vivo  using  a  peptide  aptamer  approach.  Peptide  aptamers  can  disrupt  or  otherwise 
modulate  specific  protein  interactions,  and  thus  allow  manipulation  of  protein 
function  in  vivo.  Using  a  dual-bait  two-hybrid  system  developed  in  our  laboratory 
and  a  random  peptide  aptamer  library,  we  have  identified  peptides  that 
specifically  interact  with  HEF1  protein  bearing  a  wild  type  cleavage  site  (DLVD) 
versus  non-cleavable  HEF1  (DLVA)  mutant.  We  have  demonstrated  that 
bacterially  expressed  GST-fused  peptides  specifically  pull  down  the  DLVD,  but 
not  DLVA  form  of  HEF1  protein  from  cell  lysates.  Transduction  of  peptides 
specifically  targeting  DLVD/HEF1  into  mammalian  cells  increases  the  amount  of 
full-length  HEF1  and  reduces  levels  of  p55/HEFl  from  2  to  3  times  in 
comparison  with  control  peptides,  and  has  no  effect  on  DLVA/HEF1. 
Transfection  of  DLVD-specific  peptides  into  the  MCF-7  cells  outcome 'With 
serious  mitotic  spindle  defects,  accumulation  of  cells  with  several  spindles  and 
getting  population  of  polyploid  cells. 

936 

Simulation  of  XKCM1  activity  by  a  novel  component  of  the  inner 
centromere 

R.  Ohi,1  M.  L.  Coughlin,5  W.  S.  Lane,2  T.  J.  Mitchison'-3 ; 1  Cell  Biology, 

Harvard  Medical  School,  Boston,  MA, 2  Harvard  Microchemistry  Facility, 

Harvard  University,  Cambridge,  MA, 3  Institute  for  Chemistry  and  Cell  Biology, 
Harvard  Medical  School,  Boston,  MA 

Spindle  assembly  and  chromosome  segregation  require  an  exquisitely 
orchestrated  interplay  between  microtubules  and  mitotic  chromatin.  To  identify 
novel  proteins  which  participate  in  these  processes,  we  developed  a  method  to 
isolate  microtubule- associated  proteins  from  mitotic  Xenopus  egg  extracts 
(XMAPs)  with  the  aim  of  discovering  new  microtubule  dynamics  regulators. 
Using  this  approach,  we  identified  a  coiled-coil  protein  of  unknown  function 
which  we  designate  XSKI-A  (Stimulator  of  KinI).  During  spindle  assembly 
reactions  in  frog  egg  extracts,  XSKI-A  is  located  at  discrete  pericentromeric'foci, 
a  localization  pattern  which  is  reminiscent  of  the  inner  centromere  proteins. 
Antibody  blocking  and  immunodepletion  experiments  demonstrate  that  XSKI-A 
function  is  required  for  both  spindle  assembly  and  maintenance  of  spindle 
architecture.  Structures  assembled  in  XSKI-A-deficient  extracts  contain 
abnormally  long  microtubules,  similar  to  those  formed  in  XKCM1 -compromised 
extracts.  These  results  suggest  that  XSKI-A  positively  regulates  the  microtubule 


depolymerizing  activity  of  the  KinI  kinesin  XKCM1.  Consistent  with  a  role  in 
regulating  XKCM1.  XSKI-A  and  XKCM1  co-immunoprecipitate  from  mitotic 
egg  extracts  and  co-localize  in  mitotic  spindles  assembled  in  vitro.  Finally,  we 
demonstrate  that  recombinant  XSKI-A  purified  from  insect  cells  stimulates*  the 
activity  of  XKCM1  on  pure  microtubules  in  vitro.  Our  data  indicate  that  ‘the 
microtubule  depolymerizing  activity  of  XKCM1  can  governed  .  directly  by 
additional  protein  factors.  We  are  currently  exploring  the  function  that  XSKI-A 
performs  at  the  inner  centromere  arid  how  it  may  contribute  to  chromosome 
behavior  during  mitotic  spindle  assembly. 
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Human  Enhancer  of  Invasion-Cluster  (HEI-C):  a  Novel  Coiled-Coil  Protein 
which  Functions  at  the  Mitotic  Spindle  •-  ?■ 

M.  B.  Einarson,1  D.  A.  Compton,2  E.  A.  Golemis1 ;  1  Division  of  Basic  Science, 
Fox  Chase  Cancer  Center,  Philadelphia;-PA,  2  Department  of  Biochemistry, 
Dartmouth  Medical  School,  Hanover,  NH 

In  a  cross-species  overexpression  approach,  we  have  utilized  the  pseudohyphal 
transition  of  Saccharomyces  cerevisiae  as  a  model  system  to  identify  human 
genes  which  regulate  cell  morphology  and  the  cell  cycle.  A. gene  we  have  termed 
Human  Enhancer  of  Invasion-Cluster  (HEI-C),  encoding  an  evolutionarily 
conserved  coiled-coil  protein,  was  isolated  in  a  screen  for  human  genes  which 
when  overexpressed  induce  agar  invasion  in  yeast.  Immunocytochemical  analysis 
of  mammalian  cells  indicates  that  during  mitosis  HEI-C  localizes  primarily  to  the 
spindle  while  in  interphase  the  protein  localizes  to  the  cytoplasm,  the  ceritrosome 
and  to  regions  of  cell-cell  contact.  Depletion  of  HEI-C  in  vivo  using  short 
interfering  RNAs  results  in:abemmt  mitotic  spindle  morphology  and  apoptosis. 
HEI-C  is  found  in  mitotic  asters  formed  in  vitro,  although  immunodepletion  of 
HEI-C  does  not  affect  aster  formation.  Further,  HEI-C  is  shuttled  between  the 
nucleus  and  the  cytoplasm  by  a  CRM  1 -dependent  mechanism.  These  results 
indicate  that  HEI-C  is  required  for  spindle  function  while  its  complex  subcellular 
localization,  coupled  with  its  isolation  in  a  screen  for  inyasive  yeast,  suggest  it 
may  link  events  of  the  cell  cycle  with  the  cel!  periphery. 
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Cloning  and  Characterization  of  Drosophila  Polo  Kinase  Kinase,  DPIkk 
S.  A.  Go'dinho, 1  P.  Alves,1  V.  Parelho,1  A.  Tavares1,2  ;  1  Cell  Division  Group, 
Instituto  Gulbenkian  de  Ciencia,  Oeiras,  Portugal, 2  Dept:  Chemical  Engineering, 
Instituto  Superior  Tecnico,  Lisboa,  Portugal 

The  polo-like  kinases  (Plks)  are  a  conserved  family  of  enzymes  that  play  different 
roles  during  mitosis.  The  Drosophila  polo  protein  kinase,  like  other  Plks,  has -a 
peak  of  activity  during  mitosis  and  is  largely  inactive  during  interphase.  Although 
the  mechanisms  of  -  regulation  of  polo  activity  remain  to  be  elucidated, 
phosphorylation  is  dearly  important.  Two  Polo-like  kinase  kinases  have  been 
recently  described:  xPlkk,  and  the  mammalian  Slk  have  been  proved '  to 
phosphorylate  and  activate  Plxl  and  PIkl,  respectively/ We  have  now  cloned- the 
gene  dPlkk,  a  likely  homologue  of  Xenopus  xPlkk.  dPlkk  has  the  typical  motifs  of 
a  serine-threonine  protein  kinase,  with  a  N-terminal'  catalytic  domain,  and  a  long 
coiled-coil  C-terminal-.  The  two  kinases  share  60%  identity  over  the  catalytic 
domain  and  38%  identity  over  the  non-catalytic  C-terminal.  We' could  detect  an 
association  between  Polo  and  dPlkk  proteins.  When  dPlkk  is  immunoprecipitated 
from  extracts  derived  from- either  S2  cells  or  embryo  extracts  Polo  protein  is 
pulled  down,  and  that  dPlkk  is  present  in  Polo  immunoprecipitates.  Furthermore, 
the  two  proteins  co-sediment  in  sucrose  gradients.  We  confirmed  by  kinase 
assays  that  tfPlkk  obtained  either  from  Drosophila  embryo  or  S2  cell  extracts  is 
an  active  kinase,  capable  of  phosphorylating  and  activating  Polo  protein.We  have 
isolated  a  Drosophila  mutant,  obtained  by  insertion  of  a  P-element  in  the  first 
exon  of  the  dPlkk  gene.  Homozygous  embryos  show  severe  ■  defects  during  the 
first  syncitial  mitotic  divisons,  and  the  majority  never  reach  celularisatiom  Further 
analysis  is  required  to  determine  if  polo  is  not  phosphorylated  in  the  dPlkkl 
mutant  embryos.  Simultaneously,  in  order  to  further  investigate  Polo 
phosphorylation  by  dPlkk  and  its  biological  significance,  we  are  on  the  process  of 
doing  RNAi.  experiments  of  dPlkk  in  Drosophila  S2  cells. 
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Reorganization  of  the  Microtubule  Array  in  Prophase/Prometaphase 
Requires  Cytoplasmic  Dynein  Dependent  Microtubule  Transport  * . 

N.  M.  Rusan,  U.  S.  Tulu,  C.  J.  Fagerstrom,  P.  Wadsworth;  Biology,  University  of 
Massachusetts,  Amherst,  MA 

When  mammalian  somatic  cells  enter  mitosis,  a  fundamental  reorganization  of  the 
Mt  cytoskeleton  occurs  that  is  characterized  by  the  loss  of  the  extensive- 
interphase  MT  array  and  the  formation  of  a  bipolar  mitotic  spindle.  Microtubules 
in  cells  stably  expressing  GFP-alpha  tubulin  were  directly  observed  from 
prophase  to  just  after  NEBD  in  early  prometaphase.  Our  results  demonstrate  a 
transient  stimulation  of  individual  Mt  dynamic  turnover  and  the  formation  and 
inward  motion  of  microtubule  bundles  in  these  cells.  Motion  of  microtubule 
bundles  was  halted  following  antibody  mediated  inhibition  of  cytoplasmic 
dynein/dynactin,  but  was  not  perturbed  following  inhibition  of  the  kinesin  related 
motor  Eg5  or  myosin  II.  In  metaphase  cells,  assembly  of  small  foci  of  Mts -was 
detected  at  sites  distant  from  the  spindle;  these  Mts  were  also  moved  inward.  We 
propose  that  cytoplasmic  dynein-dependent  inward  motion  of  Mts  functions  to 
remove  Mts  from  the  cytoplasm  at  prophase  and  from  the  peripheral  cytoplasm 
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Genome  sequencing  has  been  completed  for  multiple  organisms,  and  pilot  proteomic  analyses  reported  for  yeast 
and  higher  eukaryotes.  This  work  has  emphasized  the  facts  that  proteins  are  frequently  engaged  in  multiple 
interactions,  and  that  governance  of  protein  interaction  specificity  is  a  primary  means  of  regulating  biological 
systems.  In  particular,  the  ability  to  deconvolute  complex  protein  interaction  networks  to  identify  which 
interactions  govern  specific  signaling  pathways  requires  the  generation  of  biological  tools  that  allow  the 
distinction  of  critical  from  noncritical  interactions.  We  report  the  application  of  an  enhanced  Dual  Bait 
two-hybrid  system  to  allow  detection  and  manipulation  of  highly  specific  protein-protein  interactions.  We 
summarize  the  use  of  this  system  to  detect  proteins  and  peptides  that  target  well-defined  specific  motifs  in  larger 
protein  structures,  to  facilitate  rapid  identification  of  specific  interactors  from  a  pool  of  putative  interacting 
proteins  obtained  in  a  library  screen,  and  to  score  specific  drug-mediated  disruption  of  protein-protein 
interaction. 


[Supplemental  material  is  available  online  at  http://www.genome.org.  The  following  individuals  kindly  provided 
reagents,  samples,  or  unpublished  information  as  indicated  in  the  paper:  A.  Taliana,  M.  Russell,  M.  Berman,  and 
R.  Finley.] 


Since  its  inception  (Fields  and  Song  1989);  the  two-hybrid 
system  has  been  utilized  in  increasingly  complex  strategies  to 
analyze  interactions  between  proteins  of  biological  interest 
and  known  or  novel  cognate  partners  including  other  pro¬ 
teins;  RNA  sequences,  pharmacological  agents,  and  peptides 
(for  review;  see  Serebriiskii  et  al.  2001).  More  recently,  a  num¬ 
ber  of  groups  have  exploited  the  potential  of  two-hybrid  sys¬ 
tems  as  a  tool  for  understanding  protein  interactions  on  a 
genome-level  scale,  with  pilot  studies  involving  elucidation  of 
large  sets  of  protein  interactions  developed  in  Saccharomyces 
cerevisiae  (Schwikowski  et  al.  2000;  Ito  et  al.  2001)  providing  a 
model  for  ongoing  work  in  higher  eukaryotes.  Given  the  in¬ 
creasing  realization  that  protein  interaction  networks  involve 
the  interaction  of  discrete  signaling  molecules  with  multiple 
partner  proteins  in  different  biological  circumstances,  accu¬ 
rate  description  of  the  function  of  a  given  protein  now  im¬ 
plicitly  involves  dissection  of  its  interaction  domains,  ranking 
of  its  interaction  affinity  with  each  of  its  partners,  and  deter¬ 
mination  of  physiological  conditions  under  which  each  pair 
of  proteins  preferentially  interacts.  These  determinations  pose 
significant  technological  hurdles  in  high-throughput  efforts. 

We  have  described  previously  a  proof-of-concept  experi¬ 
ment  for  a  two-hybrid  Dual  Bait  system  that  provides  internal 
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controls  for  interaction  specificity,  and  could  theoretically  be 
used  to  selectively  compare  the  interaction  of  a  protein  with 
more  than  one  partner  molecule  (Serebriiskii  et  al.  1999). 
Building  from  this  preliminary  study,  we  have  now  developed 
a  complete  system  of  reagents  that  can  be  used  to  score  inter¬ 
action  of  one  transcriptional  activation  domain  (AD)-fused 
prey  protein  with  either  of  two  DNA-binding  domain  (DBD)- 
fused  bait  proteins  over  a  range  of  different  interaction  affini¬ 
ties.  In  three  different  library  screening  applications,  we  dem¬ 
onstrate  that  these  reagents  can  be  used  to  identify  proteins  or 
peptides  that  target  short  sequence  elements  of  biological  im¬ 
portance  within  a  larger  protein  structure.  We  further  dem¬ 
onstrate  that  the  system  can  be  used  in  a  bait  swap  application 
for  rapid  secondary  screening  to  sort  multiple  library  hits  into 
subgroups  most  likely  to  be  reproducible  and  physiologically 
relevant.  Finally,  we  describe  the  use  of  the  reagents  in  a  sub¬ 
tractive  two-color  visualization  procedure  that  can  discrimi¬ 
nate  specific  from  nonspecific  drug-induced  inhibition  of  pro¬ 
tein  interactions.  These  studies,  together  with  our  other  work 
involving  use  of  the  system  to  build  enhanced  specificity  de¬ 
rivatives  of  signaling  proteins  engaged  in  complex  interac¬ 
tions,  indicate  the  Dual  Bait  is  a  useful  tool  in  dissection  of 
complex  cellular  regulatory  machinery. 

RESULTS  AND  DISCUSSION 

In  the  Dual  Bait  two-hybrid  system  (Fig.  1),  the  use  of  two 
parallel  bait-reporter  systems  allows  simultaneous  and  com- 
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^Reagents  newly  constructed  (*)  or  modified  (#)  (change  of  reading  frame  and/or  sequence  of  polylinker)  in  this  work 
are  indicated.  SKY48  and  SKY!  91  have  been  described  previously  (Serebriiskii  et  al.  T999),  but  are  noted  here  to 
provide  context  for  SKY473.  A  complete  listing  of  dual  bait-compatible  reagents  is  provided  at  http://www.fccc.edu/ 
iresea rchy/labs/ g olem i s/.l nte  ra cti o nTra p I n Wo fk: htm  I,  as  are  links  to  detailed  protocols  for  system  use.  The  newly 
described  cl  plasmids  provide  options  to  regulate  expression /levels  of  baits  using  either  constitutive  or  galactose 
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:  partner  for  SKY48  and  SKY19  strains. 
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-Strain  is  an  extremely  robust  MATa  reporter  strain  that  is  optimal  as  an  interaction  matinq  partner  with  pre-existinq 
Dual  Bait  or  other  two  hybrid  strains. 
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Figure  3  Use  of  Dual  Balt  reagents  to  reduce  false  positive  back¬ 
ground.  (Top)  The  RBA66B  and  RBAex22  mutants  of  pRB  are  de¬ 
scribed  in  Sellers  et  al.  (1 998),  and  were  expressed  in  the  context  of 
a  large  pocket  domain  of  pRB  containing  amino  acids  from  379  to 
928.  SKY48  yeast  expressing  LexA-RBA663  and  cl-RBAex22  baits  were 
used  to  screen  three  different  libraries.  (Lines  1,2)  Numbers  of  clones 
positive  for  LexA-RBA66 3 -responsive  ( LEU2 ,  lacZ)  but  negative  for 
cl-RBAex22-responsive  (gusA)  reporters.  (Line  3)  Number  of  discrete 
genes  represented  among  the  clones.  (Line  4)  Number  of  clones  posi¬ 
tive  for  cl-RBA663-responsive  (GusA),  but  not  LexA-RBAex22- 
responsive  (LEU,  lacZ)  reporters;  note,  this  reduction  from  line  2  val¬ 
ues  was  not  observed  with  retransformation  testing  with  the  original 
LexA-RBA663  and  cl-RBAex22  baits.  (Line  5)  Number  of  genes  rep¬ 
resented  in  line  4  set  of  clones.  (Line  6)  Number  of  surviving  genes 
that  were  validated  by  coimmunoprecipiation  and  other  techniques. 
(*)  Note,  papillomavirus  E7  was  identified  from  two  different  fetal 
brain  libraries  with  B42  or  CAL4  as  activation  domains.  Although  a 
legitimate  pRB  interactor,  as  E7  is  not  normally  expressed  in  brain,  it 
may  represent  an  artifact  of  the  libraries'  construction.  (Bottom)  HA- 
tagged  E7  and  pRB  derivatives  were  overexpressed  in  Saos-2 
(Rb-I-)  osteosarcoma  cells  and  their  interaction  was  determined  by 
immunoprecipitation  with  anti-HA  antibody  (HA  11,  BAbCO).  The 
precipitated  proteins  pRB,  pRBA663,  and  RBAex22  (RBA22  in  figure) 
were  detected  by  immunoblotting  with  ant?-RB  antibody  (XZ56).  In¬ 
put  proteins  are  10%  of  that  used  in  immunoprecipitation. 


papilloma  virus  HPV-18  was  isolated  from  two  different  librar¬ 
ies  by  this  approach.  E 7,  a  known  wild-type  pRB  interactor 
(Munger  et  al.  1989),  was,  for  the  first  time,  shown  to  interact 
with  the  low  pentetrant  RBA663  but  not  the  high-penetrant 
Aex22  mutant. 

As  in  Application  1,  this  is  a  demonstration  of  the  capac¬ 
ity  of  the  system  to  identify  interactors  with  specific  require¬ 
ment  for  a  binding  motif  in  a  larger  protein.  However, 
whereas  in  some  libraries,  positives  represented  multiple  hits 
on  a  small  number  of  genes,  in  others  (fetal  brain,  GAL4), 
unique  isolates  of  a  large  number  of  genes  were  obtained, 
suggesting  specific  interactions  (Serebriiskii  and  Golemis 
2001).  To  further  improve  specificity  of  the  screen,  we  per¬ 
formed  a  bait  swap,  now  expressing  LexA-RBAex22  and  cl- 
RBA663  rather  than  LexA-RBA663  and  cI-RBAex22.  Simulta¬ 
neous  retransformation  of  initially  isolated  preys  with  yeast 
containing  swapped  DBD  fusions  in  parallel  with  the  original 
baits  eliminated  a  substantial  number  of  the  originally  iso¬ 
lated  clones,  which  were  presumptively  binding  to  a  unique 
but  artifactual  configuration  of  the  original  baits  (Fig.  3,  top). 

For  the  fetal  brain/GAL4  library,  this  single  step  reduced 


the  number  of  possible  specific  interacting  clones  from  20  to 
1.  With  a  single  exception,  all  of  the  clones  that  interacted 
selectively  with  both  LexA-  and  cI-RBA663  were  confirmed  by 
additional  assays  including  coimmunoprecipitation  (Fig.  3, 
bottom).  The  ease  of  swapping  the  two  baits  while  remaining 
in  the  same  reporter  strain  background,  and  using  the  same 
precalibrated  reporter  genes,  is  not  matched  by  any  other  two 
hybrid-based  system. 

Application  4 

Scoring  Specific  Disruption  of  Protein  Interactions  by  Small 
Molecule  Inhibitors 

It  has  been  of  interest  to  try  to  develop  small  molecule  inhibi¬ 
tors  of  specific  protein-protein  interactions  as  an  intelligent 
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Figure  4  Drug  disruption  of  protein-protein  interactions.  (Top) 
Yeast  containing  baits  and  preys  are  mixed  with  low-melt  agarose  and 
poured  over  appropriate  dropout  growth  medium.  After  agarose  is 
set,  1  pL  of  each  compound  to  be  tested  or  solvent  negative  control 
is  dropped  on  the  plate.  Yeast  are  incubated  for  1-2  d,  then  perme- 
abilized  and  overlaid  with  Z-buffer,  Magenta-Gal  (a  red  colorimetric 
substrate  for  LacZ)  and  X-Gluc  (a  blue  colorimetric  substrate  for 
GusA).  (Bottom)  The  result  shown  derives  from  a  mixed  population  of 
yeast  strains  containing  LexA-Ras  and  AD-Raf  or  cl-Ras  and  AD- 
RalGDS.  In  this  example,  only  the  colorimetric  (lacZ  and  gusA)  report¬ 
ers  are  being  assessed.  Fungicide  (left)  inhibits  both  lacZ  and  gusA 
signal,  whereas  a  specific  Ras-Raf  interaction  inhibitor  reduces  only 
gusA  (blue)  output,  leaving  a  red  spot;  solvent  control  produced  no 
spots  (data  not  shown).  Shown  below  the  spots  are  results  obtained 
following  a  scan  of  plate,  import  of  image  into  NIH  Image,  and  per¬ 
formance  of  densitometry  for  signal  intensity  in  blue  versus  red  across 
the  spot  midline. 
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Abstract. 

The  HEF1  scaffolding  protein  has  a  well-defined  role  in  mediating  integrin-dependent 
attachment  signaling  at  focal  adhesions.  We  had  previously  shown  that  HEF1  relocalizes  to  the 
spindle  asters  at  mitosis,  but  the  significance  of  this  migration  was  unclear.  We  here  report  that 
HEF1  status  controls  mitotic  spindle  formation  through  action  at  centrosomes  in  the  G2  phase  of 
cell  cycle.  Increased  levels  of  HEF1  cause  the  development  of  supernumerary  centrosomes,  and 
a  multipolar  spindle.  Conversely,  depletion  of  HEF1,  or  overexpression  of  a  dominant-negative 
HEF1  derivative,  results  in  premature  centrosomal  splitting,  monoastral  and  malformed  spindles, 
and  transient  appearance  of  >4N  populations.  HEF1  association  with  the  centrosome  peaks  in 
late  G2,  and  is  followed  by  HEF1  movement  from  the  centrosome  to  the  spindle,  similar  to  the 
Aurora-A  kinase  (AurA).  Further,  positive  and  negative  regulation  of  AurA  causes  defects  of  the 
centrosome  and  spindle  similar  to  those  seen  with  HEF1.  We  show  that  HEF1  interacts  with 
AurA,  controls  activation  of  AurA  at  the  centrosome,  and  is  itself  an  AurA  substrate.  These 
interactions  may  be  mediated  in  part  through  HEF1  interactions  with  the  AurA-associated 
protein  Ajuba.  These  results  suggest  a  novel  mechanism  for  the  coordination  of  cell  attachment 
status  with  cell  division  in  mitosis,  and  may  provide  insight  into  the  induction  of  genomic 
instability  in  cancer. 


Introduction. 

Organismal  development  requires  the  synchronized  interaction  of  cell  differentiation, 
polarization,  and  division  controls  to  enable  the  creation  of  highly  organized  structures  from  an 
isolated  oocyte.  At  present,  although  the  mechanisms  by  which  these  different  processes  are 
coordinated  are  not  well  understood,  studies  predominantly  in  C.  elegans  and  D.  melanogaster 
have  led  to  the  identification  of  a  number  of  proteins  that  act  at  cell-cell  or  cell-substrate 
interfaces  in  interphase,  and  at  the  mitotic  machinery  in  M-phase.  The  complex  functions  of 
these  proteins  allow  the  direct  specification  of  cleavage  plane  to  be  coordinated  with  the 
establishment  or  maintenance  of  a  polarized  cellular  identity  (e.g.,  (1-3).  Some,  including  the 
PAR  family  of  proteins  in  C.  elegans,  play  critical  roles  in  early  embryogenesis.  In  one  an 
elegant  recent  example,  the  fly  Adenomatous  Polyposis  Coli  (APC)  ortholog  was  shown  to 
organize  a  bridge  between  cell  cortex  and  the  centrosome  in  male  germline  cells  that  oriented  the 
mitotic  spindle  and  subsequent  division  plane,  thus  specifying  the  differentiation  status  of 
daughter  cells  based  on  their  post-cleavage  proximity  to  a  divisional  “hub”  (4).  A  number  of  the 
proteins  identified  in  these  studies  have  homologs  with  presumably  orthologous  functions  in 
higher  eukaryotes.  However,  studies  of  mammalian  signaling  proteins  typically  have  not 
focused  on  very  early  development,  but  rather  emphasize  the  study  of  cell  processes  and  protein 
function  in  2-dimensional  cell  culture  models,  where  the  coordination  of  cell  division  polarity 
with  cellular  attachment  status  is  less  readily  perceived  and  analyzed. 

It  has  long  been  known  that  loss  of  basal  cell  adhesion  can  cause  mitotic  defects  in 
mammalian  cells,  most  notably  by  causing  failure  of  cytokinesis  (5, 6).  This  failure  is  not  simply 
due  to  the  loss  of  traction  forces  that  cells  use  to  physically  separate,  as  it  has  been  documented 
that  the  presence  of  too  high  a  level  of  cell  attachment  can  similarly  reduce  cytokinetic  efficiency 
(7).  These  results  imply  crosstalk  between  the  cell  division  machinery  and  the  focal  adhesions 
that  provide  basal  cell  attachment.  However,  because  cell  adhesion  is  most  readily  observable  in 
interphase  cells,  and  focal  adhesions  tend  to  minimize  or  disappear  in  mitotic  cells,  accompanied 
by  the  downregulation  of  some  key  focal  adhesion-associated  signaling  proteins  (8-10),  little 
work  has  investigated  a  possible  requirement  or  alternative  roles  for  focal  adhesion-associated 
proteins  in  M-phase.  Notably,  in  the  past  several  years,  investigations  of  the  nuclear  cell  cycle 


have  also  documented  the  coordination  of  nuclear  signaling  events  in  time  and  space  during  bi¬ 
phase  progression  in  higher  eukaryotes,  emphasizing  the  roles  of  proteins  associated  with 
structures  such  as  the  centrosome,  the  contractile  ring,  the  central  spindle,  and  the  midbody,  in 
controlling  the  timing  of  progression  through  different  cell  cycle  stages  (e.g.  (11);  reviewed  in 
(12)).  These  structures  exist  in  close  contact  with  or  are  derived  from  the  actin  and  tubulin 
cytoskeletons.  An  economical  view  of  cellular  function  would  suggest  that  the  re-use  of  proteins 
which  govern  cytoskeletal  dynamics  in  interphase  cells  might  not  only  be  efficient,  but  might 
also  provide  a  means  to  synchronize  changes  in  cell  contacts  during  the  mitotic  process. 

Of  all  the  mitotic  structures,  a  number  of  recent  studies  suggest  that  the  centrosome  might 
be  a  primary  signal  integration  point.  Recent  work  has  emphasized  the  dual  activity  of 
centrosomes  in  contributing  to  control  of  cell  polarization  in  interphase  cell  migration  (13, 14), 
but  also  in  coordinating  polarity  of  the  mitotic  spindle  in  M-phase  (15).  Centrosomally- 
associated  signaling  activities  also  govern  the  timing  of  mitotic  entry  (16).  Mechanistically,  the 
initial  activation  of  cyclin  B1  at  mitosis  has  been  proposed  to  depend  on  an  initial  recruitment  of 
activated  AurA  kinase  to  the  centrosome  in  late  G2,  following  AurA  interaction  with  the  LIM 
domain  protein  Ajuba  (17).  The  subsequent  destruction  of  cyclin  B  later  in  M-phase,  required  for 
the  metaphase-anaphase  transition,  is  also  regulated  from  the  centrosome,  based  on  the  initial 
assembly  and  activation  of  the  anaphase  promoting  complex/cyclosome  (APC/C)  at  this  structure 
(11).  Finally,  some  studies  have  also  indicated  that  the  centrosome  performs  a  key  licensing 
function  at  the  point  of  cytokinesis  (7). 

HEF1  is  a  member  of  a  group  of  scaffolding  proteins  that  includes  pl30Cas  and  Efs/Sin 
(18,  19).  This  group  of  Cas  proteins  localizes  to  focal  adhesions  in  interphase  cells,  and  acts  as 
intermediates  in  a  variety  of  integrin-dependent  signaling  processes,  including  establishment  of 
cell  attachments,  migration,  and  cell  survival  signaling.  In  1998,  our  group  first  raised  the 
possibility  that  HEF1  might  have  a  previously  unsuspected  function  in  mitosis  (10).  This  was 
based  on  two  observations.  First,  a  significant  part  of  the  endogenous  population  of  TTF.F1  was 
cleaved  at  a  central  DLVD  cleavage  motif  at  the  G2/M  boundary.  Subsequent  processing  of  the 
protein  by  the  proteasome  eliminated  C-terminal  fragments,  leaving  behind  a  mixed  population 
of  full  length  HEF1  and  a  p55,  amino-terminal,  fragment.  Second,  the  HEF1  protein  relocalized 


from  focal  adhesions  to  the  mitotic  spindle  asters  in  M-phase.  Since  that  time,  reports  have 
appeared  suggesting  of  the  association  of  other  focal  adhesion-associated  proteins,  such  as  zyxin 
(20),  paxillin  (21),  FAK,  and  Pyk2  (22)  with  mitotic  spindle  or  other  relevant  structures  such  as 
the  microtubule  organizing  center  (MTOC)  or  centrosome.  One  question  that  has  not  been  well 
addressed  for  any  of  these  proteins  is  whether  these  changes  have  any  functional  significance  for 
spindle  function,  or  are  simply  reflections  of  the  considerably  changed  signaling  landscape  that 
accompanies  focal  adhesion  disassembly  in  mitotic  versus  interphase  cells. 

In  this  study,  we  have  specifically  tested  the  hypothesis  that  HEF1  localization  to  the 
mitotic  spindle  reflects  an  active  role  for  this  protein  in  M-phase.  We  have  found  that  HEF1 
association  with  the  spindle  follows  an  initial  HEF1  localization  to  the  centrosome  that  peaks  in 
late  G2  phase.  A  detailed  analysis  of  the  consequences  of  positively  or  negatively  deregulating 
the  activity  of  HEF1  indicates  that  HEF1  function  is  essential  for  centrosomal  maturation  and 
mitotic  spindle  formation  in  epithelial  cells.  HEF1  interacts  with  and  controls  the  activation  of 
AurA,  suggesting  a  mechanism  for  its  activity.  Interestingly,  the  functions  we  have  identified  for 
HEF1  are  not  completely  shared  with  its  well-studied  family  member  pl30Cas.  These  and  other 
results,  in  the  context  of  prior  studies,  indicate  that  HEF1  provides  a  crucial  bridge  coordinating 
attachment  and  cell  division  processes  at  M-phase  in  mammals. 


Results. 

HEF1  localization  to  the  centrosome  in  G2  precedes  HEF1  spindle  localization  in  M-phase. 

The  initial  goal  of  this  study  was  to  analyze  potential  consequences  of  deregulated  HEF1 
signaling  for  formation  and  function  of  the  mitotic  spindle.  Mitotic  spindles  generally  are 
nucleated  from  centrosomes,  and  defective  signaling  by  centrosomally  associated  proteins  is 
frequently  associated  with  aberrant  spindle  formation  and/or  progression  through  mitosis  (e.g. 
(23, 24)).  Moreover,  in  many  cases,  spindle-associated  signaling  proteins  first  associate  with  and 
become  activated  at  the  centrosome,  prior  to  propagation  of  signals  to  the  spindle  (e.g.(ll)). 
Therefore,  as  a  prelude  to  this  work,  we  first  examined  whether  HEF1  localizes  only  to  the 
spindle,  or  also  to  the  centrosome.  Immunofluorescence  analysis  with  antibodies  to  HEF1  and  to 
the  centrosomal  protein  gamma-tubulin  indicates  that  HEF1  is  detectable  at  the  centrosome  in 
late  G2,  (Figure  1A),  prior  to  the  release  of  most  or  all  HEF1  to  the  spindle  in  mitosis  (Figure 
IB).  This  endogenous  HEF1  signal  is  blocked  by  peptide  against  which  the  HEF1  antibody  was 
raised,  supporting  signal  specificity  (not  shown).  Further,  transient  over-expression  of  GFP- 
fused  HEF1  reveals  similar  centrosomal  and  spindle  localizations  (Figure  1C).  HEF1  association 
with  the  centrosome  is  cell  cycle  regulated.  In  experiments  using  cells  synchronized  at  different 
stages  of  the  cell  cycle  (Figure  ID,  E),  endogenous  HEF1  is  only  weakly  visible  at  the 
centrosomes  in  Gl-  and  S-phases,  but  is  prominently  detected  at  this  structure  in  the  G2-phase. 
This  corresponds  with  a  general  increase  in  levels  of  HEF1  as  cell  cycle  progresses  from  Gl  to 
mitosis  (Figure  IE,  bottom).  Using  GFP-fused  HEF1  derivatives  (Figure  IF),  we  have  performed 
preliminary  mapping  of  sequence  determinants  necessary  for  localization  of  HEF1  to  the  mitotic 
spindle.  Based  on  this  analysis,  we  have  identified  a  minimal  sequence  of  amino  acids  1-398 
required  for  association  with  the  centrosome,  with  sequences  between  363-398  an  essential 
localization  determinant. 

To  establish  a  functional  requirement  for  HEF1  at  the  centrosome  and  the  mitotic  spindle, 
we  established  three  independent  systems  for  manipulation  of  HEF1  in  MCF7  cells.  First,  we 
overexpressed  the  full  length  HEF1  protein  under  control  of  a  tetracycline-repressible  promoter 
(Figure  2A).  Second,  based  on  prior  data  indicating  HEF1  cleavage  and  proteolysis  at  mitosis 
((10);  discussed  further  below),  we  utilized  peptide  aptamers  targeted  to  the  primary  mapped 
cleavage  site  (25)  to  stabilize  the  full  length  endogenous  HEF1  (Figure  2B).  Third  and 


reciprocally,  we  used  a  siRNA  approach  to  deplete  HEF1  (Figure  2C).  For  each  class  of 
manipulation,  a  matching  negative  control  set  was  used,  corresponding  to  tetracycline-regulated 
GFP  (for  overexpression),  use  of  non-specific  peptides,  and  use  of  a  scrambled  siRNA  (for 
depletion). 

Up-  or  down-regulation  of  HEF1  expression  causes  centrosomal  and  spindle  abnormalities. 

Both  overexpression  of  exogenous  HEF1  and  peptide  stabilization  of  endogenous  HEF1  induce  a 
high  frequency  of  cells  with  spindle  defects  by  48  hours  following  cell  treatment  (Figure  3A,  B). 
Most  notable  is  the  increase  in  the  number  of  cells  with  multipolar  spindles,  which  represent 
12%  of  the  population  with  overexpression,  and  >16%  with  specific  HEFl-targeted  peptides,  as 
compared  to  2-3%  for  all  negative  controls.  In  other  cells,  while  no  multipolar  spindles  are 
observed,  nevertheless  the  spindle  is  defective.  The  observed  defects  are  likely  to  arise  from  a 
primary  defect  at  the  centrosome,  as  for  every  cell  with  multipolar  spindles,  each  spindle 
originated  from  a  supernumerary  centrosome  (Figure  3 A).  Overexpression  of  full  length  HEF1, 
or  introduction  of  HEF1 -stabilizing  peptides,  was  found  to  consistently  induce  centrosomal 
amplification,  with  >10%  of  cells  containing  in  excess  of  4  centrosomes  within  48  hours 
following  treatment  (Figures  3B). 

In  contrast,  depletion  of  HEF1  using  siRNA  induced  a  distinct  mitotic  phenotype,  marked 
by  high  percentages  of  cells  with  monoastral  spindles  (Figure  3C,  center  panels),  or  with 
malformed  or  asymmetric  spindles  (Figure  3C,  right  panels).  SiRNA  depletion  is  not  completely 
homogenous  among  cells  in  a  population;  using  antibodies  to  HEF1,  we  determined  that  cells 
with  monoastral  or  deformed  spindles  consistently  represented  cells  with  the  most  complete 
HEF1  depletion,  whereas  those  cells  with  apparently  normal  bipolar  spindles  had  detectable 
HEF1  signal  (data  not  shown)  We  can  make  a  pane!  of  representative  mitosis's  1  have  KEF!  and 
a-tubulin  co-stain).  In  examining  the  centrosomes  of  mitotic  HEFl-depleted  cells,  two 
abnormalities  were  observed.  First,  the  centrosomes  of  cells  with  defective  spindles  showed 
weaker  reactivity  with  antibody  to  gamma-tubulin  than  did  cells  with  higher  HEF1  levels,  and 
apparently  normal  spindles.  Second,  although  two  distinct  gamma-tubulin  or  GFP-centrin 
centrosomal  structures  were  observed  in  all  mitotic  cells  with  depleted  HEF1,  there  was 
invariably  asymmetry  in  the  ability  of  the  two  centrosomal  structures  to  nucleate  spindle 


formation.  Gamma-tubulin  is  known  to  accumulate  during  centrosomal  maturation  in  the  G2 
phase  of  cell  cycle  (26-28):  our  observations  suggested  that  HEF1  depletion  might  be  interfering 
with  this  maturation  process,  rendering  one  centrosomal  daughter  incompetent  to  act  as  a 
microtubule  organizing  center. 

We  therefore  also  inspected  the  status  of  centrosomes  in  non-mitotic  cells.  Notably,  two 
distinct,  widely  separated,  GFP-centrin-positive  structures  (Figure  3D)  were  observed  in  >80% 
of  HEF1 -depleted  cells  (>500  cells  counted  in  5  separate  experiments),  but  in  less  than  10%  of 
cells  treated  with  a  scrambled  siRNA.  In  the  normal  centrosomal  duplication  cycle,  the  single 
“mother”  centrosome  remaining  in  a  cell  after  cytokinesis  undergoes  duplication  in  S-phase,  with 
the  two  centrosomes  remaining  linked  while  the  “daughter”  matures  through  G2:  Normally,  two 
widely  separated  centrosomes  are  not  observed  until  the  G2/M  transition  (26,  27).  FACS 
analysis  of  HEFl-depleted  cells  versus  scramble-treated  controls  confirms  that  their  cell  cycle 
profile  is  very  similar  (results  not  shown),  with  no  enrichment  of  the  G2  compartment.  Hence, 
the  primary  defect  is  likely  one  of  centrosome  cohesion,  rather  than  a  secondary  consequence  of 
altered  cell  cycle  compartmentalization. 

HEF1  interacts  with  Ajuba  and  is  required  for  the  activation  of  AurA  kinase  at  the 
centrosome.  The  premature  splitting  phenotype  observed  with  HEF1  depletion  is  similar  to  that 
reported  for  inhibition  of  other  proteins  known  to  exert  a  key  role  in  centrosomal  maturation, 
including  notably  the  AurA  kinase  (24, 29).  AurA  activation  at  the  centrosome  has  recently  been 
reported  to  require  interaction  with  the  LIM  domain/scaffolding  protein  Ajuba,  which  had 
previously  been  thought  to  function  primarily  at  cell  junctions  and  in  the  nucleus.  The  most  well 
defined  function  of  HEF1  is  as  a  scaffolding  protein  mediating  the  association  of  critical 
signaling  complexes  at  focal  adhesions  (19).  Based  on  the  congruence  of  HEF1  and  Aurora 
phenotypes,  we  examined  whether  HEF1  might  also  contribute  to  AurA  signaling  by  providing  a 
scaffolding  function  at  the  centrosome. 

In  HEFl-depleted  MCF7  cells  in  the  G2  phase  of  cell  cycle,  total  levels  of  AurA  at  the 
centrosome  are  similar  to  those  found  in  MCF7  cells  treated  with  a  matched  scrambled  siRNA 
(Figure  4A).  In  contrast,  levels  of  phospho-AurA,  indicative  of  kinase  activation  (17),  are 


greatly  reduced  or  absent  under  conditions  of  HEF1  depletion  (Figure  4A,  B),  implying  that 
HEF1  plays  an  important  role  in  the  activation  process.  This  role  could  be  direct,  with  HEF1 
physically  a  component  of  an  AurA  activation  complex,  or  it  might  be  indirect,  with  HEF1 
causing  defects  at  an  early  stage  of  the  centrosomal  cycle  so  that  AurA  is  subsequently  unable  to 
be  activated  in  association  with  an  immature  centrosomal  structure.  Several  lines  of  evidence 
indicate  that  role  of  HEF1  in  regulating  AurA  activation  is  direct.  Antibody  directed  at  HEF1 
co-immunoprecipitates  endogenous  AurA,  while  antibody  to  AurA  precipitates  HEF1  (Figure 
4C).  Further,  in  a  two-hybrid  system  approach  in  yeast,  an  Ajuba  bait  used  in  a  library  screen 
directly  isolated  the  carboxy  terminal  two-thirds  (amino  acids  365-834)  of  HEF1  (results  not 
shown).  This  last  finding  indicated  the  interaction  is  likely  to  involve  at  minimum  a  direct 
interaction  between  HEF1  and  Ajuba,  rather  than  involving  indirect  association  of  HEF1,  AurA, 
and  Ajuba  as  parts  of  a  multi-component  complex  in  mammalian  cells. 

We  therefore  further  probed  the  interaction  between  HEF1,  AurA,  and  Ajuba.  We 
demonstrated  above  that  amino  acids  1-398  (p55+)  are  a  minimum  determinant  of  HEF1 
association  with  the  centrosome,  with  a  critical  localization  determinant  located  in  the  serine-rich 
35  amino  acids  from  363-398  (Figure  1).  Using  antibody  to  GFP  for  co-immunoprecipitation,  we 
find  that  GFP-p55+  is  also  sufficient  to  interact  with  AurA,  while  GFP-p55  is  not  (Figure  5A). 
Given  the  interaction  between  HEF1  and  AurA,  we  asked  if  HEF1  might  be  an  AurA  substrate. 
Purified  activated  AurA  was  incubated  with  equal  quantities  (Figure  5B,  top)  of  GST-fused 
domains  of  HEF1,  with  the  AurA  substrate  histone  H3  as  a  positive  control,  and  GST  and  histone 
HI  as  negative  controls.  AurA  efficiently  phosphorylated  both  the  p55  and  p55+  HEF1 -derived 
proteins  to  a  degree  comparable  to  or  exceeding  the  histone  H3  positive  control,  while  not 
phosphoiylating  either  of  the  negative  controls  (Figure  5B).  These  results  indicated  that  AurA 
phosphorylation  does  not  contribute  HEF1  recruitment  to  the  centrosome  (as  predicted  based  on 
the  accumulation  of  HEF1  at  the  centrosome  prior  to  AurA  activation  at  G2/M  transition),  but 
may  otherwise  regulate  HEF1  activity.  Interestingly,  siRNA  depletion  of  AurA  (Figure  5C) 
markedly  depressed  the  steady  state  levels  of  HEF1.  Both  AurA  (30)  and  HEF1  (31)  have  been 
shown  to  bind  proteins  that  promote  their  degradation  by  the  proteasome.  We  suggest  loss  of 
association  between  AurA  and  HEF1  may  render  them  more  susceptible  to  proteolysis,  as 
treatment  of  AurA-  or  scrambled-siRNA  depleted  cells  with  the  proteasome  inhibitor 


significantly  stabilized  the  levels  not  only  of  AurA,  but  also  of  HEF1  (Figure  5C).  This 
stabilization  was  seen  both  in  nocodazole-  and  thymidine-arrested  cells,  so  is  not  cell  cycle-stage 
specific. 

We  have  analyzed  the  sequence  determinants  conferring  HEF1  interaction  with  Ajuba. 
First,  cells  were  transfected  with  FLAG-tagged  HEF1,  and  N-  and  C-terminal  derivatives;  and 
Myc-tagged  full  length  Ajuba,  Ajuba  pre-LIM  domain,  or  a  negative  control  (GFP)  (Figure  6A). 
Immunoprecipation  with  FLAG  demonstrated  strong  association  of  full  length  HEF1  with  full 
length  Ajuba,  weak  association  of  the  N-terminal  domain  of  HEF1  with  full  length  Ajuba,  and 
strong  association  between  the  C-terminal  fragment  of  HEF1  and  both  the  full  length  Ajuba,  and 
the  pre-LIM  domain  of  Ajuba  (Figure  6A).  In  a  reciprocal  experiment,  full  length  Ajuba,  and  to  a 
lesser  degree  the  isolated  Ajuba  LIM  domain,  co-immunoprecipitated  HEF1  (Figure  6B):  full 
length  Ajuba  also  weakly  co-immunoprecipitated  the  HEF1  N-terminus  (Figure  6C).  Combining 
these  results  with  the  earlier  observation  that  the  carboxy-terminal  domain  of  HEF1  was 
sufficient  to  interact  with  Ajuba  in  a  two-hybrid  screen,  we  propose  that  the  Ajuba  LIM  domain 
interacts  with  the  HEF1  N-terminus,  whereas  the  Ajuba  pre-LIM  domain  has  the  potential  to 
interact  with  the  HEF1  C-terminus,  but  this  is  masked  in  the  context  of  full  length  HEF1 
sequences.  Finally,  Ajuba  is  a  member  of  a  sub-group  of  closely  related  LIM  domain  proteins 
with  functions  in  cell  attachment,  cell  division,  and  oncogenesis,  including  TRIP6  (32),  zyxin 
(20,  33),  LPP  (34, 35),  and  LIMD1  (36).  Two  other  members  of  this  family,  Trip6  and  zyxin, 
have  been  shown  to  interact  with  HEF1  and  pl30Cas  through  their  LIM  domains  (37).  To  probe 
the  specificity  of  HEF1  interactions  with  this  family,  we  compared  co-immunoprecipitation  of 
HEF1  with  Ajuba,  LIMD1,  LPP,  and  zyxin  (Figure  6D).  HEF1  interacted  most  strongly  with 
Ajuba  and  LIMD1,  and  to  a  lesser  degree  with  LPP  and  zyxin. 

Comparison  of  HEF1  and  pl30Cas  regulation  of  centrosome  status  and  AurA  activation. 

The  HEF1  protein  has  been  documented  as  being  particularly  abundant  in  epithelial  and 
lymphoid  lineages,  and  less  abundant  in  fibroblasts  (10, 38),  while  a  second  Cas  family  member, 
pl30Cas,  is  more  ubiquitously  expressed.  We  investigated  whether  the  requirement  for  HEF1  for 
centrosome  maturation  were  specific  to  cells  of  epithelial  lineages,  and  whether  pl30Cas  had 
similar  activities.  FF2425  fibroblasts  (Figure  7A,  7B)  and  other  human  fibroblast  lines  (MCR5- 


hTERT,  results  not  shown)  express  minimal  levels  of  HEF1.  Treatment  of  FF2425  or  MCR5- 
TERT  fibroblasts  with  siRNA  to  HEF1  produced  no  phenotype  under  conditions  where 
centrosomal  splitting  was  observed  in  41%  of  centrosomes  in  HeLa  and  78%  in  MCF7  cells 
(Figure  7A).  This  result  confirmed  the  specificity  of  the  HEFl-directed  siRNA  in  the 
experiments  described  above  -  i.e.,  in  a  cell  type  in  which  no  HEF1  is  detected  by  Western  blot 
or  immunoflurescence,  the  HEFl-directed  siRNAs  have  no  effect.  In  MCF7  cells,  and  HeLa 
cells,  depletion  of  pl30Cas  produced  45%  and  12%  percent  splitting,  respectively  (Figure  7A), 
in  contrast  to  the  much  greater  effect  seen  with  HEF1  depletion.  Based  on  Western  analysis 
(Figure  7B,  and  results  not  shown),  pl30Cas  was  effectively  depleted,  excluding  limited 
depletion  of  pl30Cas  as  an  explanation  for  the  more  limited  phenotype. 

Interestingly,  pl30Cas  depletion  did  not  cause  centrosomal  splitting  in  FF2425  cells  or 
MCR5-hTERT  cells  (Figure  7A,  7B  and  results  not  shown).  Antibodies  to  pl30Cas  do  not 
reveal  localization  of  this  protein  to  centrosomes.  However,  comparison  of  cells  transfected  with 
plasmids  overexpressing  pl30Cas  and  HEF1  suggest  that  the  two  proteins  can  localize  to 
centrosomes  with  comparable  efficiency  under  conditions  of  overexpression, whether  in  either 
fibroblasts  or  epithelial  cells  (Figure  1C).  One  speculative  explanation  for  these  differing  results 
is  that  pl30Cas  is  known  to  exist  as  numerous  differentially  phosphorylated  isoforms  within 
different  cellular  compartments  (39):  it  may  be  that  endogenous  pl30Cas  localized  to  the 
centrosome  is  not  well  recognized  by  antibodies  to  the  protein.  Finally,  we  compared  levels  of 
AurA  and  phospho-AurA  at  the  centrosome  in  pl30Cas-  versus  HEFl-depleted  cells.  Phospho- 
AurA  activation  was  not  notably  diminished  following  pl30Cas  depletion,  (Figure  7D),  in 
contrast  to  the  results  seen  with  HEF1  (Figure  4),  again  suggesting  a  less  important  function  for 
centrosome  maturation. 

Depletion  of  HEF1  may  provide  a  stimulus  towards  genomic  instability.  Based  on  the 
phenotypes  described  above,  a  long-term  consequence  of  HEF1 -dependent  defects  in 
centrosomal  and  spindle  dynamics  might  be  predicted  to  be  the  development  of  aneuploid 
population  of  cells.  FACS  analysis  of  a  total  population  of  MCF7  or  MCF12F  epithelial  cells 
depleted  for  HEF1  for  48  hours  did  not  reveal  a  large  number  of  such  aneuploid  cells.  However, 
elutriation  of  a  population  of  cells  treated  with  HEFl-directed  or  control  siRNAs,  followed  by 


FACS  analysis,  clearly  indicated  the  presence  of  distinct  6N  and  8N  populations  in  some 
fractions  (Figure  8,  top  two  panels).  The  elutriated  fractions  containing  significant  levels  of  6N 
and  8N  cells  were  returned  to  culture,  propagated  for  an  additional  24  hours,  then  re-assayed  by 
FACS.  Over  24  hours,  these  >4N  cell  populations  were  lost  (Figure  8,  bottom  two  panels),  and 
cells  adapted  a  more  normal  cell  cycle  distribution.  These  observations  could  be  most  readily 
explained  as  clearance  of  the  hyperploid  cells  by  the  spindle  checkpoint  surveillance  machinery, 
suggesting  loss  of  HEF1  from  epithelial  cells  predisposes  to,  but  is  insufficient  for,  genomic 
instability. 


Discussion. 


The  summed  data  in  this  study  indicate  that  the  HEF1  protein  is  a  novel  and  important 
regulator  of  centrosomal  function.  In  particular,  depletion  studies  reveal  a  requirement  for  HEF1 
in  centriolar  cohesion  in  interphase  cells;  centrosomal  maturation,  as  marked  by  the  recruitment 
of  gamma-tubulin  and  ability  to  act  as  a  microtubule-organizing  center  in  mitosis;  and 
centrosomal  signaling,  reflected  by  loss  of  ability  to  activate  AurA  at  mitotic  entry.  We  find  that 
HEF1,  AurA,  and  Ajuba  physically  interact,  and  HEF1  is  itself  phosphorylated  by  AurA  kinase, 
and  present  at  reduced  levels  in  the  absence  of  AurA.  The  general  similarity  between  HEF1  and 
AurA  depletion  and  overexpression  phenotypes  (40-42)  is  striking,  and  implies  that  HEF1  and 
AurA  functions  are  closely  linked.  Although  there  appears  to  be  less  of  a  requirement  for  the 
HEFl-related  protein  pl30Cas  for  centrosomal  activity,  depletion  of  pl30Cas  nevertheless 
induced  some  centrosomal  defects.  Together,  these  results  support  the  idea  that  the  focal- 
adhesion  associated  Cas  proteins  function  in  a  distinct  sphere  to  control  mitotic  entry. 

This  study  complements  other  recent  work  in  our  laboratory  demonstrating  HEF1 
regulation  of  mitotic  entry,  cleavage  furrow  formation,  and  cytokinesis  (Dadke  et  al.,  submitted). 
Besides  the  centrosome  and  spindle  defects  described  here,  we  found  that  deregulated  HEF1 
expression  also  results  in  changes  in  processes  governed  by  regulation  of  cortical  actin,  with  this 
actin  regulation  dependent  of  HEF1  regulation  of  the  activation  cycle  of  the  RhoA  GTPase 
(Dadke  et  al.,  submitted).  In  the  present  study,  we  found  that  overexpression  of  HEF1  induced 
supernumerary  centrosomes  and  multipolar  spindles.  An  ongoing  debate  in  the  field  is  whether 
centrosomal  amplification  is  a  primary  event  regulated  at  the  level  of  the  centrosomal  duplication 
cycle,  or  whether  it  results  from  failed  cytokinesis  (26, 40, 43).  In  previous  studies  of  AurA 
overexpression,  failed  cytokinesis  has  been  suggested  as  a  contributing  factor  to  the  centrosomal 
amplification  observed  (24, 26, 44).  In  our  work,  HEF1  overexpression  does  not  induce 
centrosomal  amplification  over  background  in  cells  arrested  by  thymidine  in  Gl/S  for  16  hours, 
but  such  amplification  becomes  apparent  at  48  hours  after  HEF1  induction  (data  not  shown). 
These  results  cells  must  undergo  a  round  of  mitosis  to  generate  enhanced  numbers  of 
centrosomes,  implying  centrosomal  amplification  is  a  secondary  defect.  In  contrast,  the  HEF1 
depletion  phenotypes  appear  likely  to  be  primary  for  several  reasons,  including  the  localization 


of  HEF1  to  the  centrosome,  and  HEF1  regulation  of  proteins  such  as  AurA  and  Ajuba  that  play  a 
role  in  centrosomal  maturation  and  action  as  an  MTOC. 

The  most  well  defined  function  of  HEF1  is  as  a  scaffolding  protein  mediating  the 
association  of  critical  signaling  complexes  at  focal  adhesions  (19).  Our  data  indicate  that  HEF1 
may  similarly  contribute  to  the  interactions  of  AurA  and  Ajuba  at  the  centrosomes.  Based  on 
two-hybrid  and  co-immunoprecipitation  results,  the  carboxy-terminal  domain  of  HEF1  interacts 
with  the  amino-terminal,  non-LIM  domain  of  Ajuba,  while  the  carboxy-terminal,  LIM  domain  of 
Ajuba  has  been  reported  to  interact  with  AurA  (17).  HEF1  is  phosphorylated  in  its  amino- 
terminal  region  by  AurA.  This  phosphorylation  occurs  within  a  fragment,  p55  (aa  1-353)  that  is 
not  sufficient  to  bring  HEF1  to  the  centrosome:  however,  a  slightly  larger  fragment  of  HEF1 
(p55+,  aa  1-398)  associates  with  the  centrosome,  interacts  with  AurA  in  vivo,  and  induces  a 
centrosomal  splitting  phenotype  similar  to  HEF1  depletion,  suggesting  action  as  a  dominant 
negative.  The  presence  of  a  key  localization  determinant  at  aa  353-398  is  interesting.  We  have 
previously  reported  that  endogenous  HEF1  is  proteolytically  cleaved  at  amino  acid  353  during 
apoptosis  (45, 46),  and  mitosis  (10),  resulting  in  the  separation  of  different  domains  used  for 
protein  interaction.  In  subsequent  work,  we  have  used  multiple  techniques  to  examine  pure 
populations  of  cells  in  M-phase,  and  we  now  revise  our  conclusion  to  indicate  that  M-phase 
HEF1  comprises  a  mixed  pool  of  full  length  and  cleaved  HEF1  in  which  full  length  HEF1 
substantially  predominates,  with  the  earlier  more  complete  cleavage  observed  in  a  mixed 
population  of  mitotic  and  apoptotic  cells  (results  not  shown).  We  have  shown  here  that  HEF1 
moves  out  from  the  centrosome  at  mitotic  entry:  speculatively,  one  model  consistent  with  our 
data  is  that  phosphorylation  by  AurA  promotes  cleavage  of  centrosomal  HEF1  to  p55,  separation 
of  p55  from  the  carboxy-terminal  centrosomal  localization  sequences,  and  removal  of  HEF1 
scaffolding  activities  at  the  centrosome.  A  precedent  for  such  a  mitosis-specific  regulatory 
cleavage  has  recently  been  published  for  the  MEK1  kinase  (47).  The  nature  of  the  localization 
sequence  between  aa  353-398  is  not  known,  but  based  on  the  very  high  serine/threonine  content 
of  this  region  (18  out  of  35  residues)  is  likely  to  involve  a  phosphorylation-regulated  event.  The 
identity  of  the  putative  regulatory  kinase,  and  the  role  of  HEF1  cleavage  in  vivo,  is  under 
investigation  in  our  laboratory. 


Our  data  suggest  a  more  important  role  for  HEF1  than  Cas  in  maintaining  centrosomal 
integrity,  and  imply  that  epithelial  cells  are  more  prone  to  centrosomal  dysfunction  than 
fibroblasts  following  Cas  protein  depletion.  Indeed,  an  essential  function  for  pl30Cas  at  the 
centrosome  is  incompatible  with  the  observation  that  pl30Cas  knockout  mice  die  only  at 
embryonal  day  11.5  (48),  and  that  fibroblasts  from  these  cells  are  viable  (49).  Our  data  are 
congruent  with  an  increasing  number  of  studies  that  note  a  cell-type  specific  component  to 
centrosomal  regulation  (14)  and  AurA  function.  AurA  is  most  commonly  upregulated  in 
epithelial  cancers  (50).  The  tumor  suppressor  adenomatous  polyposis  coli  (APC)  and  its  partner 
beta-catenin,  proteins  that  are  predominantly  expressed  in  epithelial  cells  and  associate  with 
epithelial-specific  structures,  have  been  shown  to  also  interact  directly  or  indirectly  with  the 
centrosome,  controlling  its  organization  and  function  (4, 13,  51).  Elegant  genetic  studies  in  lower 
eukaryotic  models  for  development  such  as  C.  elegans  (reviewed  in  (52, 53))  have  begun  to 
elucidate  a  model  in  which  dynamic  interconnections  between  the  centrosome  and  structures  at 
the  cell  cortex  controls  the  plane  of  mitotic  spindle  orientation,  and  cleavage  furrow  formation. 
Control  of  cleavage  plane  direction  is  of  critical  importance  in  developing  organisms,  because  of 
the  necessity  to  program  growth  in  specific  directions.  Speculatively,  it  is  reasonable  to  propose 
that  control  of  cleavage  plane  is  more  importance  in  epithelial  cells  than  in  fibroblasts  in  higher 
eukaryotes,  because  the  intrinsic  function  of  epithelial  cells  in  vivo  is  to  maintain  polarized 
structures  that  serve  barrier  functions.  In  this  context,  the  association  an  epithelially-enriched 
protein  such  as  HEF1  with  mitotic  structures  may  contribute  to  coordination  of  centrosomal 
orientiation  with  the  focal  structures  at  the  basolateral  surface  of  epithelial  cells. 

Finally,  the  results  presented  here  have  interesting  implications  for  the  process  of  cancer 
development.  A  first  study  by  Lingle  et  al.  in  1998  demonstrated  that  the  centrosomes  of  breast 
adenocarcinoma  cells  generally  were  characterized  by  abnormal  structure,  and  increased 
microtubule  nucleating  capacity  in  comparison  to  centrosomes  of  normal  breast  epithelial  and 
stromal  tissues  (54).  A  number  of  subsequent  studies  have  firmly  documented  the  association 
between  over-amplification  of  centrosomes,  multipolar  mitoses,  genomic  instability 
characterized  by  frequent  aneuploidy,  and  development  of  aggressive  breast  cancer  (e.g.  (43, 55- 
61)).  Some  proteins  that  have  well-established  signaling  roles  in  breast  cancer  have  been  found 
to  take  part  in  the  normal  centrosomal  duplication  cycle.  For  example,  the  tumor  suppressor 


BRCA1  normally  associates  with  the  centrosome,  and  interacts  with  the  central  centrosomal 
protein  gamma-tubulin.  Through  interactions  at  the  centrosome  with  gamma-tubulin  and  other 
proteins,  BRCA1  restricts  centrosomal  replication  to  once  per  cell  cycle;  in  BRCA1 -deficient 
cells,  centrosome  amplification  is  common  (58, 61).  Overexpression  of  AurA  (also  known  as 
BTAK,  for  breast  tumor  amplified  kinase)  has  been  shown  to  occur  early  in  breast  cancer 
development,  and  induce  centrosome  amplification  and  aneuploidy  (41, 42).  However,  in  many 
tumors,  the  provenance  of  centrosomal  defects  is  not  known.  Intriguingly,  a  previous  study  has 
associated  upregulated  expression  of  a  Cas  family  member  in  breast  cancers  as  associated  with 
increased  malignancy  and  poor  prognosis  (62).  Our  data  raise  the  possibility  that  deregulated 
Cas  proteins  may  not  only  impact  cancer  development  based  on  their  functions  in  cell  migration 
(metastasis)  and  resistance  to  apoptosis,  but  also  in  the  acquisition  of  genome  instability. 


Methods. 


Plasmids  and  constructs.  The  generation  of  full  length,  GFP-tagged  HEF1  (45),  GST-HEF1 
(63).  FLAG-tagged  HEF1  and  deletion  mutants:  p55  (l-363aa),  p55+  (1-406  aa),  SH2BDall  (82- 
398aa),  3/4HEF1  (1-652  ),  SRR  (352-653)  were  subcloned  into  the  pCatch-FLAG  vector  (a  gift 
of  Dr.  Jonathan  Chernoff)  to  produce  FLAG  fusion  proteins  in  eukaryotic  cells.  GFP-p55,  GFP- 
p55+,  GST-p55  and  GST-p55+  were  produced  by  subcloning  this  HEF1  deletion  fragments  into 
the  pEGFP-C4  (Clontech)  and  pGST  (57)  plasmids  respectively.  A  full  length  cDNA  of  the 
human  pl30Cas  protein  was  produced  by  RT-PCR  using  a  cDNA  library  from  MCF7  cells  and 
specific  primers  to  human  pl30Cas.  The  pl30Cas  cDNA  was  cloned  into  the  pEGFP-C4  vector 
and  pCatch-FLAG  to  produce  GFP  and  FLAG-tagged  proteins,' respectively.  HEF1  specific  and 
non-specific  peptides  (25)  were  cloned  in  the  retroviral  vector  pUP  (a  gift  of  Dr.  Alexey  Ivanov) 
and  introduced  into  MCF-7  cells  by  infection.  To  create  tet-repressible  expression  of  HEF1  in 
MCF7,  full  length  HEF1  cDNA  was  cloned  into  retroviral  vector  pUST-4  (A.Ivanov  unpublished 
data).  GP-293  cells  were  used  as  a  packaging  cell  line  to  produce  retrovirus  for  infection  of  the 
MCF-7-tTa  cells  (Clontech).  To  achieve  100%  of  infection  in  MCF7  cells  the  GFP-p55  and 
GFP-p55+  were  cloned  in  the  lentiviral  vector  pLV-GFP  (a  gift  of  Dr.  I.  Verma).  For 
immunoprecipitation  studies  of  Ajuba  and  HEF1  interactions  we  used  the  following  plasmids: 
pCMV-6-myc-Ajuba,  pCMV-6-myc-PreLim- Ajuba,  pCMV-6-myc-Lim- Ajuba  (64)  and  pCMV- 
EGFP  as  a  control. 

Cell  culture.  The  human  MCF7  (breast  adenocarcinoma),  HeLa  (cervical  carcinoma)  and 
FF2425  (normal  fibroblast)  and  MCR5-hTERT  (immortalized  fibroblasts)  cell  lines  were  grown 
in  DMEM  supplemented  with  10%  fetal  calf  serum  at  37°C  in  a  5%  C02  atmosphere.  The  human 
MCF-12F  (normal  breast  epithelial)  cell  line  was  grown  in  F12/DMEM  media  supplemented 
with  5%  horse  serum,  EGFR,  insulin,  cholera  toxin  and  hydrocortisone  (as  recommended  by  the 
ATCC).  The  MCF7-GFP-centrin2  and  HeLa-GFP-centrin2  stable  cell  lines  were  obtained  by 
transfection  of  the  pEGFP-centrin2  plasmid  ((65),  a  gift  of  Dr.  Jeffrey  Salisbury)  into  the  MCF7 
and  HeLa  cells,  and  subsequent  G418  selection.  Tetracycline-regulated  MCF-tTa-HEFl  stable 
cell  lines  were  obtained  by  first  infecting  the  parental  MCF7-tTa  cell  line  (Clontech)  with  the 
pUST-4-HEFl  retroviral  vector,  then  selecting  with  G418  and  puromycin  to  produce  a  mass 


culture  of  MCF7-tTa-HEFl  cells.  For  selection,  G418  was  used  at  500  |xg/ml,  and  puromycin  at 
1  ug/ml.  For  lentivirus,  293T  cells  were  used  as  a  packaging  cell  line,  and  and  irecipient  cells 
MCF-7  treated  with  the  supernatant  of  293T  transfected  cells  within  24-48  hours  post¬ 
transfection.  MCF7  cells  were  lysed  at  48  hours  post-infection  and  used  for  immunoprecipitation 
assays. 

Protein  expression,  Western  blotting,  immunoprecipitation  (IP)  and  associated  antibodies. 

Recombinant  proteins  used  for  pulldown  and  IP  were  expressed  in  BL21  (DE3)  bacteria,  induced 
with  300  [iM  IPTG,  and  purified  using  the  MicroSpin  GST  Purification  module  (Amersham 
Biotech.).  For  Western  blotting  and  immunoprecipitation  (IP),  mammalian  cells  were  disrupted 
by  M-PER  lysis  buffer  (PIERCE)  or  NET2  buffer  (50mM  Tris-HCl  pH7.5, 150mM  NaCl,  0.05% 
Triton-XlOO)  in  the  presence  of  complete  protease  inhibitors  cocktail,  and  equivalent  protein 
loads  of  whole  cell  lysates  used  either  directly  for  SDS-polyacrylamide  gel  electophoresis  (SDS- 
PAGE),  or  for  IP.  IP  samples  were  incubated  overnight  with  antibody  at  4°C,  subsequently 
incubated  for  2  hours  with  protein  A/G-sepharose  (Sigma),  washed  3  times  in  lysis  buffer 
supplemented  with  protease  inhibitors,  and  resolved  by  SDS-PAGE.  Western  blotting  was  done 
using  standard  procedures  and  developed  by  chemoluminescence  using  the  West-Pico  system 
(Pierce  Co.),  following  the  manufacturer’s  recommendations. 

Transiently  transfected  cells  were  analyzed  for  protein  expression  at  24  or  48  hours  hours 
post-transfection.  Transfection  procedures  were  carried  out  by  5  hour  incubation  in 
Lipofectamine  2000  reagent  (Invitrogen)  for  plasmid  transfection,  or  Oligofectamine 
(Invitrogen)  for  siRNA  oligonucleotide  transfection.  Antibodies  used  for  Western  assay  were  the 
following:  rabbit  polyclonal  antibody  to  HEF1  (10),  at  a  1:100  dilution,  anti-a-tubulin-mouse 
monoclonal  (Sigma;  1:10,000),  mouse  monoclonal  anti-y-tubulin  (GTU-88,  Sigma;  1:5,000), 
anti-pl30Cas  (Transduction  Labs,  1:2000),  anti-AuroraA  (Pharmingen,  1:1,000),  anti-Phospho- 
AuroraA  (Cell  Signaling,  1:1000),  mouse  monoclonal  anti-Myc  tag  E910  (Santa  Cruz:  for  IP), 
rabbit  polyclonal  anti-Myc  (A14,  Santa  Cruz:  for  Western),  and  mouse  monoclonal  anti-FLAG 
(Sigma).  The  secondary  anti-mouse  or  anti-rabbit  HPR  conjugated  antibody  were  supplied  by 
Amersham  Biotech  and  used  at  a  dilution  of  1:10000  or  1:20000. 


siRNA  experiments  RNA  oligonucleotides  duplexes  were  synthesized  targeted  to  HEF1,  to 
pl30CAS,  Ajuba,  and  Aurora  A.  These  and  a  negative  control  scrambled  siRNA  were  obtained 
from  (Dharmacon).  After  transfection  of  siRNAs,  degree  of  depletion  of  target  proteins  was 
determined  by  Western  blot. 

Preparation  of  cells  and  synchronization  procedures.  For  observation  of  cells  initially 
synchronized  at  the  Gl/S  boundaiy,  cells  were  initially  incubated  for  16-18  hours  in  the  presence 
of  2mM  Thymidine  (Sigma).  Some  cells  were  then  washed  2  times  in  PBS,  then  returned  to 
fresh  medium  and  allowed  to  grow  for  9-12  hours  to  observe  synchronized  progression  to 
mitosis.  For  synchronization  at  G2/M  boundary,  cells  were  incubated  in  l|iM  nocodazole  for  14 
hours,  and  collected  by  shake-off.  Collected  cells  were  washed  3  times  in  PBS,  then  either 
replated  in  fresh  medium  on  the  glass  cover  slips  and  cultured  at  37°C  for  up  to  90  minutes,  then 
fixed  for  immunofluorescence  analysis;  or  lysed  for  Western  and  IP  analysis.  As  an  alternative 
drug-free  synchronization  approach,  in  some  cases  an  elutriating  centrifuge  (Beckman  J)  was 
used  to  enrich  for  G1  or  mitotic  populations.  For  elutriation  of  MCF7  cells  the  following 
conditions  were  used:  speed  1800  rpm,  4°C,  and  a  starting  flow  rate  of  5.5  ml/min.  Flow  rate  was 
stepped  up  by  increments  of  0.5  ml/min,  with  fractions  collected  at  each  step.  In  a  typical 
experiment,  G1  cells  were  found  in  fractions  1  and  2,  while  fractions  5  and  6  were  enriched  for 
cells  in  G2/M.  For  all  the  synchronization  procedures,  the  predicted  cell  cycle 
compartmentalization  was  confirmed  by  use  of  fluorescence-activated  cell  sorter  (FACS) 
analysis. 

Immunofluorescence  (IF).  For  IF,  cells  growing  on  cover  slips  were  fixed  with  4% 
paraformaldehyde  for  10  minutes,  washed  with  lxPBS,  then  incubated  with  cold  (-20°C) 
methanol  for  2-3  minutes.  They  were  permeabilized  with  1%  Triton  X-100  in  lxPBS  for  10 
minutes,  then  blocked  in  3%  BSA,  0.1%  Triton  X-100  in  lxPBS  for  1  hour.  Cover  slips  were 
incubated  with  a  primary  antibody  for  1  hour,  washed  3  times  with  PBS,  0.1%  Triton  X-100, 
then  incubated  with  secondary,  fluorochrome-conjugated,  antibody  for  lhour,  and  mounted  in 
Vector  shield  mounting  media  (Vector).  Primary  antibodies  included  mouse  monoclonal  anti- 
AuroraA  (Pharmingen,  dilution  1:300),  rabbit  polyclonal  anti-phospho-AuroraA  Cell  Signaling, 
1:200),  rabbit  polyclonal  anti-HEFl  1:100,  rat  monoclonal  anti-a-tubulin  (Abeam,  1:200),  rabbit 


polyclonal  anti-y-tubulin  (Abeam,  1:200),  mouse  monoclonal  anti-pericentrin  (Transduction 
Labs,  1:250),  mouse  monoclonal  anti-phosphohistone  3  (Upstate).  Secondary  antibodies  were 
anti-mouse-Alexa-488,  anti-rabbit-Alexa488,  anti-  mouse-Alexa-568,  anti-mouse-Alexa-633, 
anti-rabbit-Alexa  633  (Molecular  Probes,  Inc.).  DNA  was  stained  by  TOTO-3  dye  (Molecular 
Probes.) .  Confocal  microscopy  was  performed  using  a  Radiance  2000  laser  scanning  confocal 
microscope  (Bio-Rad  laboratories,  Hercules,  CA)  coupled  to  a  Nikon  Eclipse  E800  upright 
microscope  (Carl  Zeiss,  Thomwood,  NY).  Images  were  obtained  separately  by  independent 
excitation  at  488/568/633  nm  to  minimize  overlapping  signals.  All  optical  sectioning  was 
carried  out  in  0.5  nm  increments. 

Kinase  assay.  An  in  vitro  kinase  assay  was  performed  using  the  GST-fused  HEF1  deletion 
mutants  prepared  as  described  above  for  pulldowns.  Histone  H3  and  HI  were  used  as  positive 
and  negative  controls  for  Aurora  A  phosphorylation.  0.5  ng  of  recombinant  proteins  were  treated 
at  30°C  for  20  minutes  in  a  20  fxl  reaction  with  5  ng  AuroraA  kinase  (Upstate)  in  supplied  buffer 
plus  250  jaM  ATP  and  10  [iCi  of  y-(32P)ATP.  An  aliquot  without  32P  was  processed  for  Coomassie 
staining  in  SDS-PAGE. 
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Figure  Legends. 


Figure  1.  HEF1  localization  to  the  centrosome  peaks  in  G2.  A,  B.  Nocodazole  block  and 
mitotic  shake-off  of  MCF7  cells,  followed  by  re-plating  for  0  (A)  or  30  (B)  minutes  was  used  to 
enrich  for  G2/M  cells.  7-tubulin  marks  centrosomes;  phosphorylated  histone  H3  (P-H3-His) 
marks  mitotic  entry.  C.  GFP-HEF1  fusion  protein  confirms  GFP-HEF1  localization  at  the 
centrosome  in  late  G2  (arrows),  and  at  the  spindle  in  mitosis.  D.  Cells  were  synchronized  with 
thymidine,  released,  and  harvested  at  set  timepoints  to  obtain  Gl/S,  S,  and  G2/M  populations. 
Shown,  phospho-histone  H3  (P-H3),  HEF1,  and  centrin  staining  at  indicated  phases  of  cell  cycle. 
E.  Top,  FACS  analysis  of  cells  shown  in  D.  Bottom,  Western  analysis  of  HEF1  levels  in  the 
indicated  phases  of  cell  cycle  and  beta-actine  as  loading  control.F.  Cells  transfected  with 
plasmids  expressing  GFP-p55  or  GFP-p55+,  and  gamma-tubulin. 

Figure  2.  Overexpression,  stabilization,  and  depletion  of  HEF1.  A.  MCF7  cells  with 
tetracycline-repressed  expression  of  stably  integrated  HEF1  or  GFP  in  the  presence  (+)  or 
absence  (-)  of  tetracycline,  measured  at  24  or  48  hours  after  medium  change.  Western  analysis 
with  antibody  to  HEF1  demonstrates  induction  following  tetracycline  removal:  the  beta-actin 
protein  was  used  as  a  loading  control.  B.  Western  blot  analysis  of  MCF7  cells  infected 
retroviruses  expressing  HA-tagged  thioredoxin  (TRX)-peptide  fusion  proteins.  Levels  of  HEF1 
are  stabilized  by  specific  HA-TRX  peptides  (P1-HEF1,  P2-HEF1),  but  not  by  non-specific  HA- 
TRX  peptides  (Pl-NS),  or  by  HA-TRX  with  no  peptide  inserted  (NP).  HA  shows  comparable 
expression  of  HA-TRX  fusions  in  all  lanes.  C.  Western  blot  analysis  of  MCF7  cells  treated  with 
siRNAs  to  HEF1  (siHEFl)  or  a  scrambled  control  (Scr)  shows  efficient  and  specific  HEF1 
depletion. 

Figure  3.  Overexpression,  stabilization,  and  depletion  of  HEF1  induce  defects  in  the 
centrosomes  and  the  mitotic  spindle.  A.  MCF7  cells  with  tet-repressed  HEF1  were  uninduced 
(left  panel)  or  induced  by  tetracycline  removal  (+HEF1,  right  4  panels).  Cells  were  treated  to 
visualize  DNA  (blue)  alpha-tubulin  (green)  and  gamma-tubulin  (red)  for  immunofluorescence;  4 
representative  mitoses  are  shown.  B.  Quantitation  of  multipolar  spindles  scored  in  cells  with 
induced  indicates  the  percentage  of  cells  with  multipolar  spindles  in  the  presence  (+)  or  absence 


(-)  of  overexpressed  HEF1 ,  an  overexpressed  GFP  control,  or  following  treatment  with  HEF1- 
specific  (H)  or  non-specific  (NS)  peptide,  or  negative  control  (NP)  HA-TRX  fusions.  3 
independent  experiments  were  performed,  resulting  in  the  assessment  of  150  mitoses  in  total  for 
each  condition.  C.  MCF7  cells  were  transfected  with  either  a  control  scrambled  (left  panels),  or 
an  siRNA  specific  for  HEF1(-HEF1;  center  and  right  panels)  for  48  hours,  then  processed  for 
immunofluorescence  using  markers  to  gamma-tubulin  (red),  alpha-tubulin  (green),  and  DNA 
(blue).  Shown,  representative  mitoses:  top  panels  are  a  merged  image.  D.  Immunofluorescence 
analysis  of  MCF7  cells  with  stably  expressed  GFP-centrin2  (green)  48  hours  post-transfection  of 
scrambled  (Scr)  or  HEF1 -directed  (-HEF1)  siRNAs  was  used  to  calculate  the  frequency  of  split 
(top  panel,  -HEF1)  versus  closely  paired  (bottom  panel  -Scr)  centrioles.  For  quantification 
(discussed  in  Results),  data  were  collected  from  at  least  three  independent  experiments,  and  150 
cells  were  counted  for  FIEF  1 -depleted  or  control  cells. 

Figure  4.  HEF1  associates  with  AurA  and  control  AurA  activation.  A.  MCF7  cells  were 
depleted  with  F1EF1 -directed  siRNA  (-HEF1)  or  a  scrambled  control  (Scr).  Mitotic  cells  stained 
with  antibodies  directed  at  AurA  (green),  phospho-AurA  (P-AurA,  red),  and  DNA  (blue)  are 
shown.  B.  MCF7  cells  were  transfected  with  scrambled  control  (Scr)  or  HEFl-directed  (-HEF1) 
siRNA  for  48  hours,  then  collected  and  part  of  the  sample  elutriated.  Non-elutriated  (Asyn.), 
Gl/S,  or  G2-M  enriched  populations  were  used  for  Western  blot  analysis  using  the  antibodies 
indicated  (left).  C.  MCF7  cells  prepared  as  in  B  were  used  for  co-immunoprecipitation.  Top, 
immunoprecipitation  with  control  IgG  (left  lane  only)  or  Cas  antibody  (cross-reactive  with 
pl30Cas  and  HEF1),  and  Western  blot  using  antibodies  as  indicated  to  left.  Bottom, 
immunoprecipitation  with  control  IgG  or  AurA  antibody,  and  Western  blot  as  indicated. 

Figure  5.  Delineation  of  the  HEFl-AurA  interaction.  A.  MCF7  cells  were  mock-infected  or 
infected  with  a  pLV-  plasmid  encoding  GFP-p55+  or  GFP-p55,  immunoprecipitated  with  either 
control  IgG  (left  lane)  or  antibody  to  GFP  (right  two  lanes),  and  Western  blot  visualization  with 
antibodies  to  GFP  or  AurA,  as  indicated.  B.  In  vitro  kinase  assay.  Comparable  levels  of  GST- 
fusion  proteins,  or  histone  HI  or  H3  (left  panel)  were  incubated  with  AurA  and  gamma-32-P  in 
vitro.  Right  panel,  autoradiograph  of  in  vitro  phosphorylated  AurA  substrates.  C.  MCF7  cells 
were  treated  with  either  scrambled  siRNA  (Scr),  or  AurA-targeting  siRNA  (-AurA).  Nocodazole 


arrested  or  thymidine  arrested  cells,  either  treated  or  untreated  with  ALLN,  were  lysed,  and 
blotted  with  antibodies  as  indicated  at  left. 

Figure  6.  Mapping  the  HEFl-Ajuba  interaction.  A.  Cells  were  transfected  with  FLAG- 
tagged  full  length  HEF1  (Flag-FL),  N-terminus  (Flag-N),  or  C-terminus  (Flag-C),  in 
combinations  with  GFP  or  Myc-tagged  full  length  Ajuba  (Aj)  or  the  Ajuba  Pre-LIM  domain 
(PL).  Top  three  panels,  left:  input  Ajuba  derivatives,  visualized  with  Myc  antibody.  Right 
panel:  input  HEF1  derivatives,  visualized  with  FLAG  antibody.  Bottom  three  panels,  left:  Ajuba 
co-immunoprecipitated  by  FLAG  antibody,  visualized  with  Myc  antibody.  B.  Cells  transfected 
with  HA-tagged  full  length  HEF1,  and  either  Myc  vector  or  Myc  tagged  full  length  Ajuba  (Aj), 
Ajuba  pre-LIM  domain  (PL),  or  LIM  domain  (L).  Right  panels,  input.  Left  panels,  top, 
coimmunoprecipitated  HEF1,  visualized  with  antibody  to  HA;  bottom,  immunoprecipitated 
Ajuba.  C.  Experimental  setup  as  in  B,  except  cells  contain  full  length  HEF1  (left)  or  N-terminal 
HEF1  (right).  D.  Experimental  setup  as  in  B.,  except  HA-HEF1  co-transfected  with  Myc  vector 
or  full  length  Ajuba  (Aj),  LIMD1  (LM),  LPP1  (LP),  or  zyxin  (Zx). 

Figure  7.  Comparison  of  HEF1  and  pl30Cas  action  at  the  centrosome.  A.  FF2425,  MCF7,  or 
HeLa  cells  were  depleted  with  siRNA  targeting  HEF1  (-HEF1),  pl30Cas  (-130)  or  a  scrambled 
control  (Scr).  The  percent  of  split  centrosomes  was  scored;  blue,  un-split;  red,  split  centrosomes. 
For  each  data  point,  50  cells  were  counted  in  each  of  3  separate  experiments  (150  cells  total).  B. 
Western  blot,  analyzing  levels  of  HEF1  and  pl30Cas  in  MCF7  cells  treated  with  siRNA  as  for  A. 
beta-actin  represents  a  loading  control.  C.  GFP-fused  pl30Cas  (GFP-Cas)  or  GFP-fused  HEF1 
(GFP-HEF1)  were  expressed  in  either  FF2425  or  MCF7  cells.  Inset,  enlarged  view  of 
centrosomes.  D.  MCF7  cells  with  siRNA-depleted  pl30Cas,  visualizing  AurA,  phospho-AurA 
(P-AurA),  and  phospho-hi stone  H3  (P-H3). 

Figure  8.  Transient  appearance  of  >4N  populations  in  HEFl-depleted  cells.  FACS  analysis 
of  fraction  5  of  elutriated  MCF7  cells  48  hours  after  treatment  with  HEF1 -directed  (-HEF1)  or 
scrambled  control  (Scr)  siRNAs  (Top);  or  after  24  additional  hours  of  growth  following 
elutriation  prior  to  FACS  analysis.  See  results  for  details.  Comparable  results  were  obtained  in 
MCF12F  cells  (data  not  shown). 
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Vitamin  E  succinate  (VES;  RRR-a-tocopheryl  succinate)  is  a  derivative  of  natural 
vitamin  E.  Previous  studies  have  shown  that  VES  is  a  potent  antitumor  agent.  Treatment 
of  human  breast  cancer  cells  with  VES  is  known  to  induce  apoptosis,  at  least  in  part,  via 
the  mitogen-activated  protein  kinase  (MAPK)  signaling  pathway.  Whether  other  cell 
signaling  cascades  are  affected  by  VES  has  not  been  addressed  to  date.  AKT  is  activated 
by  various  growth  factors  and  mediates  signals  involved  in  diverse  cellular  processes, 
including  cell  growth  and  cell  survival.  AKT  is  frequently  activated  in  human  breast 
cancers  and  may  contribute  to  chemoresistance.  In  this  investigation,  we  sought  to 
determine  whether  VES  attenuates  AKT  signaling.  We  found  that  VES  markedly  inhibits 
the  growth  of  breast  cancer  cell  lines  and  induces  apoptosis  in  a  time-  and  dose- 
dependent  manner.  We  also  found  that  treatment  with  VES  results  in  decreased  AKT 
activity.  Pharmacologic  inhibition  of  PI3K/AKT  signaling  by  LY294002  potentiated  the 
growth  inhibitory  and  pro-apoptotic  effects  of  VES,  in  connection  with 
dephosphorylation  of  various  downstream  effectors  of  AKT,  such  as  GSK3P  and  mTOR. 
Other  experiments  showed  that  the  protein  phosphatase  PP2A  modulates  AKT  activity 
during  VES -induced  apoptosis.  Collectively,  these  data  suggest  that  the  apoptotic  effect 
of  VES  on  human  breast  cancer  cells  is  mediated  not  only  via  MAPK  signaling  but  also 
by  inhibiting  AKT.  These  findings  provide  mechanistic  evidence  in  support  of  the 
potential  use  of  VES  as  a  chemopreventive  or  chemotherapeutic  agent,  and  suggest  that 
VES  may  have  enhanced  effects  on  breast  cancer  cells  dependent  on  AKT  activity  for 
survival.  . 

*This  work  was  performed  by  a  DOD  training  grant  DAMD17-00-1-0249  to  J.  Russo. 
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Genomic  alterations  on  chromosome  17  play  an  important  role  in  breast  cancer 
development.  To  further  investigate  the  role  of  chromosome  17  in  the  initiation  and 
progression  of  breast  cancer,  we  have  used  an  in  vitro  experimental  system  in  which  a 
human  chromosome  17  was  introduced  into  BP  IE,  a  transformed  cell  line  derived  from 
benzo(a)pyrene  (BP)-treated  human  breast  epithelial  cells  MCF-10F  (Carcinogenesis 
14:483-492,1993).  Microcell  mediated  chromosome  transfer  technique  (MMCT)  was 
used  for  chromosome  transfer.  MCF-10F  cells  do  not  form  colonies  in  agar  methocel  and 
form  ductules  in  collagen,  whereas  the  transformed  BP  IE  cells  do  form  colonies  and 
have  lost  their  ductulogenic  capacity.  Transfer  of  chromosome  17  originated  BPlE-17neo 
cells,  which,  like  MCF-10F  cells,  did  not  form  colonies  in  agar  methocel,  formed 
ductules  in  collagen,  and  their  doubling  time  was  reduced  two-fold  below  the  values 
observed  in  BP1E  cells.  Cytogenetic  characterization  of  the  cell  lines  MCF-10F,  BP1E 
and  BPlE-17neo  was  performed  using  a  combination  of  the  standard  G-banding  analysis 
and  comparative  genomic  hybridization  (CGH).  BPlE-17neo  cells  exhibit  the  same 
chromosomal  abnormalities  observed  in  BP  IE  cells,  having  an  additional  chromosome 
17.  The  extra  copy  of  chromosome  17  appeared  to  be  rearranged,  containing  most  of  the 
p  arm  and  a  portion  of  1 7q.  CGH  analyses  showed  that  it  had  only  the  most  telomeric 
region  of  the  q  arm  (q24.3  through  q25.2).  Microsatellite  analysis  performed  using  more 
than  30  markers  for  chromosome  17  revealed  that  the  transformed  cell  line  BP  IE  had  an 
allelic  imbalance  on  chromosome  17  pi 3. 2  (D17S796),  and  that  the  transfer  of 
chromosome  17  abrogated  the  transformed  phenotype  and  corrected  the  allelic  imbalance 
on  this  locus.  Allelic  imbalances  in  chromosome  17pl3.2  (D17S796)  have  been 
identified  by  others  investigators  in  atypical  ductal  hyperplasia  and  ductal  carcinoma  in 
situ  of  the  breast  (J.  Pathol.  187:272-278, 1995).  In  summary,  transfer  of  chromosome  17 
suppressed  the  growth  and  transformation  phenotypes  of  BP  IE  cells  indicating  that 
chromosome  17  pi 3.2  (D17S796)  hosts  one  or  more  tumor  suppressor  genes  that  could 
be  involved  in  early  stages  of  breast  cancer.  (This  work  was  supported  by  DAM17-01- 
0249  and  DAM17-02-1-0384). 
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Abstract 


Genomic  alterations  of  chromosome  17  play  an  important  role  in  breast  cancer  development.  To 
further  investigate  the  role  of  chromosome  17  in  the  initiation  and  progression  of  breast  cancer, 
we  have  used  an  in  vitro  experimental  system  in  which  a  human  chromosome  17  was  introduced 
into  BP1E,  a  transformed  cell  line  derived  from  benzo(a)pyrene  (BP)-treated  human  breast 
epithelial  cells  MCF-10F.  Microcell  mediated  chromosome  transfer  technique  (MMCT)  was 
used  for  chromosome  transfer.  MCF-10F  cells  do  not  form  colonies  in  agar  methocel  and  form 
ductules  in  collagen,  whereas  the  transformed  BP  IE  cells  do  form  colonies  and  have  lost  their 
ductulogenic  capacity.  Transfer  of  chromosome  17  originated  BPlE-17neo  cells,  which,  like 
MCF-10F  cells,  did  not  form  colonies  in  agar  methocel,  formed  ductules  in  collagen,  and  their 
doubling  time  was  increased  1. 5-fold  compared  to  that  observed  in  BP1E  cells.  Cytogenetic 
analysis  confirmed  the  presence  of  an  additional  chromosome  17  in  BPlE-17neo  cells.  The  extra 
copy  of  chromosome  17  was  rearranged,  containing  most  of  the  p  arm  and  a  portion  of  17q. 
Comparative  genomic  hybridization  analyses  showed  that  it  had  only  the  telomeric  region  of  the 
q  arm  (q22-ter).  Microsatellite  analysis  performed  using  33  markers  for  chromosome  17 

revealed  that  the  transformed  cell  line  BP  IE  had  an  allelic  imbalance  at  chromosome  17pl3.2 
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(D17S796),  and  that  the  transfer  of  chromosome  17  abrogated  the  transformed  phenotype  and 
corrected  the  allelic  imbalance  at  this  locus.  Allelic  imbalances  in  chromosome  17pl3.2 
(D17S796)  have  been  identified  by  others  investigators  in  atypical  ductal  hyperplasia  and  ductal 
.carcinoma  in  situ  of  the  breast.  In  summary,  transfer  of  chromosome  17  suppressed  the  growth 
and  transformation  phenotype  of  BP1E  cells,  suggesting  that  chromosome  17pl3.2,  in  the 
vecinity  of  D17S796,  harbors  one  or  more  tumor  suppressor  genes  that  could  be  involved  in 
early  stages  of  breast  cancer. 
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Introduction. 


Genomic  alterations  of  chromosome  17  play  an  important  role  in  the  initiation  and  progression  of 
human  breast  cancer  (Bieche  et  al.,  1995;  Callahan  et  al.,  1993;  Chen  et  al.,  1991;  Radford  et  al, 
1995).  This  chromosome  contains  the  oncogene  HER2/neu  located  at  17q21.1  (Gullick,  1990) 
and  three  known  tumor  suppressor  genes  (TSG)  (Futreal  et  al.,  1992;  Seizinger,  1993;  Harris  and 
Hollstein,  1993);  TP53  located  at  17pl3.1,  NF1  at  17qll.2  and  BRCA1  at  17q21.31.  There  are 
also  several  putative  TSGs  such  as  HIC1  and  OVCA2  both  located  at  17pl3.3,  ELAC2  at  17pl2, 
TOC  at  17q25  and  DMC1  at  17q25.2  (Kirchweger  et  al.,  1994;  Risk  et  al.,  1994;  Wales  et  al., 
1995;  Phillips  et  al.,  1996;  Schultz  et  al.,  1996;  Bruening  et  al.,  1999;  Harada  et  al.,  2001; 
Tavtigian  et  al.,  2001).  Allelic  losses  from  17p  have  been  observed  in  the  absence  of  any 
detectable  anomaly  at  the  TP53  locus  (Coles  et  al.,  1990;  Biegel  et  al.,  1992;  Osborne  et  al., 
1991),  and  alterations  on  17q  have  been  found  in  addition  to  the  amplification  of  the  HER2/neu 
or  the  inactivation  of  NF1  (Comellis  et  al.,  1993).  The  PHB  gene  (prohibitin)  at  17q21.33  may 
be  important  in  breast  cancer  progression,  whereas  the  RARA  gene  on  17q21.2  has  been 
implicated  in  acute  promyelocytic  leukemia  (Sato  et  al.,  1992;  Borrow  et  al.,  1990). 

To  further  investigate  the  role  of  chromosome  17  in  the  initiation  and  progression  of  human 
breast  cancer,  we  have  used  an  in  vitro  experimental  system  in  which  a  normal  human 
chromosome  17  was  introduced  into  the  transformed  cell  line  BP  IE  using  microcell  mediated 
chromosome  transfer  (MMCT).  Transfer  of  chromosome  17  into  BP  IE  cells  produced  the  cell 
line  BPlE-17neo.  We  have  used  Comparative  Genomic  Hybridization  (CGH)  to  evaluate 
chromosomal  imbalances  in  the  whole  genome  and  microsatellite  analysis  to  narrow  down  the 
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different  areas  of  chromosome  17  that  have  been  modified  by  the  transformation  process.  We 
show  that  the  transformed  BP  IE  cell  line  has  an  allelic  imbalance  on  chromosome  17pl3.2  in  the 
D17S796  region.  Introduction  of  chromosome  17  corrected  this  imbalance  with  the  concomitant 
reversion  of  the  transformed  phenotype. 


Materials  and  Methods. 

Cell  lines. 

The  following  human  breast  epithelial  cells  were  used:  MCF-10F  (passage  126),  BP  IE  (passage 
37)  and  BPlE-17neo  (passage  13).  The  MCF-10F  cell  line  is  a  spontaneously  immortalized 
human  breast  epithelial  cell  line  (Soule  et  al,  1990;  Tait  and  Russo,  1990).  The  BP1E  cell  line 
was  derived  from  MCF-10F  transformed  by  the  carcinogen  benzo(a)pyrene  (BP)  (Calaf  et  al., 
1993).  The  BP  IE  cells  express  all  the  phenotypes  indicative  of  neoplastic  transformation  such  as 
colony  formation  in  agar  methocel  and  loss  of  ductulo genesis  in  collagen  matrix  (Calaf  et  al., 
1993).  BP1E  was  used  for  MMCT  of  human  normal  chromosome  17,  which  generated  a  cell 
line  designated  BP  IE- 17neo.  This  cell  line  (BPlE-17neo  II-3)  was  maintained  in  high  calcium 
media  with  5%  horse  serum  and  geneticin  (400  /xg/ml). 

Microcell  mediated  chromosome  transfer  (MMCT). 

BP  IE  cells  were  fused  with  microcells  prepared  from  mouse  A9  cells  containing  a  human 
chromosome  17  tagged  with  the  selectable  gene  neo.  Human  chromosome  donor  cells  A9-17 
neo  were  treated  with  0.1 /xg/ml  colcemid  for  48h.  Microcells  were  collected  in  DMEM  medium 
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containing  10/xg/ml  cytochalasin  B  by  centrifugation  at  8,000  rpm  for  60  min.  Microcells  were 
purified  through  8,  5  and  3  /xm-pore  polycarbonate  filters  and  resuspended  in  serum  free  medium 
containing  100/xg/ml  phytohemaglutinin.  Exponentially  growing  BP1E  cells  were  incubated 
with  the  microcell  suspension  at  37°C  for  15  min.  They  were  treated  with  polyethylene  glycol 
(MW=13-16K)  for  1  min  and  washed  with  serum  free  medium.  The  cells  were  allowed  to 
recover  in  regular  medium  overnight.  Following  trypsinization,  106  cells  were  plated  in  100- 
mm2  Petri  dishes  with  medium  containing  geneticin  (400  /rg/ml)  for  selection.  As  a 
representative  of  the  chromosome  17  transfer  experiments,  the  BPlE-17neo  clone  II-3  was 
chosen  for  this  work  (Lareef  et  al,  2003). 

Growth  curve. 

The  cells  were  plated  in  a  96-well  plate  at  a  density  of  2xl03  cells  in  each  well  chamber.  The 
quantification  of  cell  proliferation  was  measured  using  the  colorimetric  assay  based  on  the 
cleavage  of  the  tetrazolium  salt  WST-1  (Roche)  to  Formazan  by  mitochondrial  dehydrogenases 
(Berridge  et  al.,  1996).  The  cells  were  counted  at  24,  48,  72,  96  and  120h  post  plating.  The 
doubling  time  was  calculated  using  a  growth  curve  that  was  plotted  using  relative  cell  number  as 
Y-axis  and  time  as  X-axis.  Each  experiment  was  made  in  triplicate. 

Colony  efficiency  assay. 

For  this  assay,  24- well  chambers  pre-  coated  with  500  /xl  0.8%  agar  base  were  used.  The  cells 
were  plated  at  104  cells  per  well  in  0.8%  agar  methyl  cellulose  25%  horse  serum  (Basolo  et  al., 
1991;  Freshney,  1987),  and  they  were  feed  twice  a  week  with  high  calcium  medium  containing 
5%  horse  serum.  The  number  of  cells  plated  was  determined  by  a  count  of  cell  number  at  24h 
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post-plating.  The  number  and  size  of  the  colonies  were  determined  21  days  later.  Colony 
efficiency  (CE)  was  defined  as  the  ratio  between  number  of  colonies  (>100  /mi  in  diameter)  and 
the  total  number  of  viable  cells  after  24h  of  plating. 

Ductulogenesis  assay  in  collage  matrix. 

Collagen  gels  were  prepared  for  studying  the  three-dimensional  growth  of  the  cells.  The 
collagen  gel  was  prepared  by  making  a  final  solution  containing  8%  (v/v)  F-12,  2%  (v/v) 
NaHCOs  (58.8mg/ml),  89.3%  (v/v)  Vitrogen  Collagen  (Cohesion  Technologies,  CA),  and  0.36% 
(v/v)  NaOH  (2.78N).  The  final  collagen  concentration  was  2.5mg/ml.  A  base  layer  of  0.5  ml 
was  added  to  each  well  and  0.5ml  collagen  containing  12,500  cells  was  added  to  the  top  after  the 
base  became  hard.  Twenty-four  wells  chamber  were  used  and  four  wells  were  made  for  each 
cell  line.  The  cells  were  incubated  at  37°C,  and  after  24h  high  calcium  media  plus  5%  horse 
serum  was  added  to  each  well  and  changed  twice  a  week.  The  three-dimensional  structures  were 
evaluated  21  days  post-plating. 

DNA  isolation. 

DNA  was  prepared  from  MCF-10F,  BP1E  and  BPlE-17neo  (II-3).  The  cells  were  treated  with 
lysis  buffer  (100  mM  NaCl,  20  mM  Tris-Cl  pH  8.0,  25  mM  EDTA  pH  8.0,  0.5%  SDS)  with 
200/xg/ml  proteinase  K  and  incubated  at  65°C  for  1 5  minutes  with  gentle  agitation.  The  samples 
were  cooled  down  on  ice  and  treated  with  100  /rg/ml  RNase  at  37°C  for  30  minutes.  One  phenol 
extraction  was  done  followed  by  another  with  chloroform:  isoamyl  alcohol  (24:1).  The  aqueous 
layer  was  adjusted  to  0.75M  with  ammonium  acetate  and  the  DNA  was  precipitated  with  100% 
ethanol.  The  samples  were  centrifuged,  dried  and  dissolved  in  distilled  water. 
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Chromosome  banding  and  cytogenetic  analysis. 

Cell  were  arrested  in  metaphase  using  colcemid  at  a  final  concentration  of  0.01pg/ml  and 
removed  from  the  culture  flask  by  trypsinization  prior  to  treatment  with  hypotonic  solution 
(0.075M  KC1)  for  20  min  at  37°C.  The  cells  were  fixed  in  three  changes  of  a  3:1  mixture  of 
methanol:  glacial  acetic  acid  at  -20°C.  Metaphase  cells  were  prepared  by  the  steam-drying 
technique  (Miura  et  al.,  1990).  Chromosomes  were  analyzed  after  G-banding.  At  least  20  cells 
were  counted  and  five  cells  were  karyotyped.  Chromosome  identification  and  karyotypic 
designations  were  in  accordance  with  the  ISCN  (1985),  as  updated  in  ISCN  (1992). 

CGH  Analysis 

Protocols  for  DNA  labeling  and  hybridization  were  as  previously  described  (Sonoda  et  al.,  1997; 
du  Manoir  et  al.,  1995).  Gray-level  images  of  fluorescence  were  captured  with  a  Zeiss 
(Thomdale,  NY)  microscope  connected  to  a  cooled,  charge-coupled-device  camera 
(Photometries,  Tucson,  AZ).  Digital  image  analysis  was  performed  using  the  Quipps  software 
(Vysis,  Downers  Grove,  IL).  The  threshold  was  set  at  0.8  and  1.2  for  losses  and  gains, 
respectively.  The  mean  values  of  individual  ratio  profiles  were  calculated  from  at  least  7 
metaphase  spreads.  Averaged  values  were  plotted  as  profiles  alongside  individual  chromosome 
ideograms.  Overrepresentation  exceeding  a  threshold  value  of  1.50  was  designated  a  high  level 
gain  (HLG).  A  HLG  defined  by  a  sharp  peak  was  considered  indicative  of  DNA  sequence 
amplification. 
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Microsatellite  analysis. 

PCR  reactions  were  performed  in  20/xl  final  volume  containing  IX  PCR  buffer  (Invitrogen),  1.5 
mM  MgCl2,  0.6  pM  of  each  primer,  200/tM  dNTPs,  [33P-a]  dCTP  (3,000Ci/mmol),  1U 
TaqPlatinum  (Invitrogen),  and  120ng  DNA.  The  PCR  cycler  conditions  were:  94°C,  5  minutes, 
35  cycles:  94°C,  45  sec;  annealing  temperature,  45  sec;  72°C,  45  sec  and  an  extension  step: 
72°C,  10  min.  The  following  markers  for  chromosome  17  were  used:  D17S849,  D17S926, 
D17S1583,  D17S513,  D17S796,  TP53,  D17S786,  D17S945,  D17S1852,  D17S520,  D17S793, 
D17S1358,  D17S798,  D17S518,  D17S800,  D17S1320,  D17S1323,  D17S1327,  D17S930, 
D17S791,  D17S806,  D17S787,  D17S808,  D17S807,  D17S789,  D17S968,  D17S785,  D17S722, 
D17S937,  D17S801,  D17S802,  D17S836,  D17S784.  The  sequences  and  characteristics  of 
microsatellite  oligonucleotide  primers  were  obtained  from  the  GDB  database 
('http://www.gdb.orgf  The  PCR  products  were  run  on  a  6%  polyacrylamide  gel  for  3-4  h.  The 
gel  was  dried  and  autoradiographed.  For  the  marker  D17S796,  the  PCR  reaction  was  also 
analyzed  by  capillary  electrophoresis.  The  D17S796  forward  primer  was  fluorescent-labeled 
(Proligo,  CA),  and  the  PCR  was  carried  out  in  a  final  volume  of  10  ill  containing  IX  PCR  buffer 
(Invitrogen),  1.5  mM  MgCl2,  0.5  juM  pmol  of  each  primer,  100/xM  dNTPs  and  0.25U 
TaqPlatinum  (Invitrogen)  and  20ng  DNA.  The  PCR  conditions  consisted  of  a  denaturation  step 
followed  by  16  cycles  at  94°C  for  20  sec,  60°C  for  45  sec  (decreasing  0.5°C  per  cycle)  and  72°C 
for  30  sec;  34  cycles  at  94°C,  20  sec,  50°C  for  45  sec  and  72°C  for  30  sec.  The  fluorescent  PCR 
was  mixed  with  an  internal  standard  size  marker  and  fractionated  using  CEQ8000  (Beckman 
Coulter).  Microsatellite  instability  was  defined  as  a  shift  of  the  allelic  band  or  a  change  (increase 
or  decrease)  in  the  broadness  of  the  allelic  band.  LOH  was  defined  as  a  total  loss  (complete 
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deletion)  or  a  30%  or  more  reduction  in  the  signal  of  one  of  the  heterozygous  alleles  compared 
with  the  control  MCF-10F  DNA  (Dietmaier  et  al.,  1999). 

Results. 

Transformation  phenotypes. 

In  order  to  test  whether  chromosome  17  plays  a  functional  role  in  the  transformation  of  BP  IE 
cells,  we  transferred  a  normal  chromosome  17  to  this  cell  line  using  MMCT.  Nine  clones  were 
obtained  from  MMCT,  and  these  clones  were  called  BPlE-17neo  (Lareef  et  al.,  2003).  One  of 
these  clones,  BPlE-17neo  clone  II-3,  was  chosen  for  these  studies.  MCF-10F,  BP1E  and  BP1E- 
17neo  cells  were  used  to  evaluate  growth  rate,  colony  formation  in  agar  methocel,  and 
ductulogenesis  in  collagen  matrix,  all  markers  of  cell  transformation  (Kakunuoka,  1978; 
DiPaolo,  1983;  Shin  et  ah,  1975;  McCormick  et  ah,  1989;  Basolo  et  ah,  1991;  Calaf  et  ah,  1993). 
BPlE-17neo  grew  at  slower  rate  compared  with  the  transformed  cell  line  BP1E  (Figure  1).  The 
doubling  time  for  BPlE-17neo  was  24h,  1.5-fold  longer  than  the  BP1E  cell  that  has  a  doubling 
time  of  16h  and  similar  to  MCF-10F  that  was  24. 6h.  The  cell  line  BP  IE  formed  colonies  over 
lOO/rm  in  diameter  in  agar  methocel,  whereas  BPlE-17neo  behaved  like  the  cell  line  MCF-10F 
by  not  forming  colonies  in  agar  methocel  (Figure  2). 

In  collagen  matrix,  BPlE-17neo  like  the  control  cells  MCF-10F  formed  ductule-like  structures 
(Figure  3  and  Table  1)  lined  by  a  monolayer  of  cubical  epithelial  cells.  BP- IE  cells  on  the  other 
hand,  grew  forming  solid  spherical  masses  (Figure  3  and  Table  1). 

Karyotype  and  CGH  analysis. 
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The  cytogenetic  characterization  of  the  human  breast  cell  lines  MCF-10F,  BP  IE  and  BP1E- 
17neo  were  made  using  a  combination  of  standard  G-banding  and  CGH  analysis  (Figure  4).  All 
the  cell  lines  had  extra  genetic  material  on  chromosome  1  at  band  p34  as  well  as  balanced 
translocation  between  chromosome  3  and  chromosome  9  t(3;9)(pl3;p21).  The  CGH  analysis 
helped  to  identify  the  extra  genetic  material  on  chromosome  arm  lp34  to  be  from  8q24.  The 
modal  number  of  chromosomes  of  the  control  cell  line  MCF-10F  was  46,  XX  and  for  BP  IE 
transformed  cell  line  was  47,  XX.  BP1E  had  an  additional  isochromosome  lOq  (Figure  4). 
DNA  losses  were  not  observed  in  BP1E  cell  line  using  CGH.  The  modal  chromosome  number 
for  BPlE-17neo  was  48.  BPlE-17neo  has  the  same  chromosomal  abnormalities  observed  in 
BP1E  and  in  addition  has  an  extra  copy  of  chromosomes  17  (Figure  4).  It  shows  the  same  gain 
of  chromosome  lOq  as  seen  in  BP  IE.  The  extra  copy  of  chromosome  17,  probably  the  one  that 
was  microinjected,  was  rearranged  being  composed  of  most  of  the  p  arm  and  a  portion  of  17q22- 
ter  (Figure  4). 

Microsatellite  analysis. 

Micro  satellite  analysis  was  performed  using  33  markers  for  chromosome  17  (Figure  5). 
Retention  was  observed  with  most  of  the  markers  for  17p  indicating  that  the  extra  chromosome 
17  had  most  of  this  arm  as  CGH  results  indicated.  For  17q,  two  markers  out  of  twenty  one 
showed  retention  and  the  others  were  not  informative.  The  markers  that  showed  retention  were 
located  at  17q22  and  17q25.3  respectively.  We  found  differences  between  the  three  cells  lines 
using  the  marker  D17S796  located  at  17pl3.2  (Figure  5).  The  PCR  products  obtained  using  the 
marker  D17S796  were  analyzed  using  6%  polyacrylamide  gels  and  by  capillary  electrophoresis 
(Figure  6).  BP1E  showed  allelic  imbalance  in  17pl3.2  using  the  marker  D17S796.  However, 
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BPlE-17neo  showed  a  pattern  similar  to  MCF-10F.  This  indicated  that  the  introduction  of 
chromosome  1 7  in  BP  IE  had  reverted  this  mutation. 

Discussion. 

The  human  breast  epithelial  cell  line  MCF-10F  transformed  with  the  chemical  carcinogen 
benzo(a)pyrene  gave  rise  to  BP  IE  cells  which  form  colonies  in  agar  methocel  and  lose  their 
ductulogenic  capacity  in  collagen  gel.  In  the  present  work,  we  have  shown  that  the  transfer  of 
chromosome  17  reverted  the  transformed  phenotype  and  reduced  the  growth  rate  of  these  cells  to 
values  similar  to  that  of  MCF-10F  cells.  BplE-17neo  cells  did  not  form  colonies  in  agar 
methocel  and  formed  ductule-like  structures  in  collagen,  as  is  the  case  with  MCF-10F  cells.  The 
transfer  of  human  chromosome  17  was  associated  with  this  reversion.  BP1E  cells  acquired  an 
isochromosome  10  not  found  in  the  parental  MCF-10F  cells,  and  this  isochromosome  was  also 
present  in  BPlE-17neo  cells.  In  addition,  BPlE-17neo  cells  acquired  an  extra,  rearranged 
chromosome  17.  Taken  together,  these  findings  suggest  that  although  BP  IE  cells  have  gained 
and  isochromosome  10  in  the  process  of  chemical  transformation  by  benzo(a)pyrene,  this 
carcinogen  also  has  produced  a  mutation(s)  in  chromosome  17  that  was  likely  responsible  for  the 
observed  changes  in  growth  rate,  colony  efficiency  and  ductulogenic  capacity. 

The  extra  chromosome  17  found  in  BP  IE- 17  neo  cells  appears  to  contain  most  of  the  p  arm  and 
part  of  the  q  arm,  q22-ter.  Our  observations  that  transfer  of  chromosome  17  into  BP  IE 
suppressed  the  growth  of  this  cell  line  suggests  that  this  chromosome  harbors  a  tumor  suppressor 
gene(s),  confirming  studies  reported  in  the  literature  (Theile  et  al,  1995;  Plummer  et  a!.,  1997; 
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Negrini  et  al.,  1994;  Levine  et  al.,  1991;  Albertsen  et  al.,  1994;  Coles  et  al.,  1990;  Sato  et  al. , 
1990;  Andersen  et  al,  1992;  Isomura  et  al.,  1994).  Transfer  of  human  chromosome  17  into 
CAL51  breast  cancer  cells  resulted  in  loss  of  tumorigenicity  and  anchorage  independent  growth, 
changes  in  morphology,  and  reduction  of  cell  growth  rates.  As  in  our  study,  these  hybrid  clones 
also  contained  a  rearranged  chromosome  composed  of  17p  and  the  distal  portion  of  17q  (Theile 
et  al.,  1995). 

CGH  is  a  useful  molecular  cytogenetic  method  for  screening  the  entire  tumor  genome  for 
chromosomal  imbalances,  but  it  has  some  methodological  limitations,  including  the  inability  to 
detect  balanced  chromosomal  rearrangements  and  limited  resolution  for  detection  of  gains  or 
losses  of  at  least  5- 15Mb  (du  Manoir  et  al.,  1995).  Therefore,  to  map  the  17p  and  17q  gains  with 
higher  resolution,  we  performed  microsatellite  analyses  with  a  panel  of  different  polymorphic 
markers  distributed  along  17p  and  17q.  We  have  found  retention  of  most  of  the  markers  for  17p 
and  two  markers  located  near  the  telomeric  region  of  17q,  consistent  with  the  CGH  results.  The 
microsatellite  analysis  revealed  that  BP  IE  had  an  allelic  imbalance  in  chromosome  17pl3.2  as 
assessed  by  the  marker  D17S796,  and  this  region  was  restored  in  BPlE-17neo  cells.  Allelic 
imbalances  in  chromosome  17p  have  been  reported  in  40-60%  of  sporadic  breast  carcinomas 
(Sato  el  al.,  1990;  Stack  et  al.,  1995;  Phelan  et  al.,  1998).  Deletion  mapping  analyses  have 
shown  that  the  region  between  the  markers  D17S938  and  TP53  is  one  of  the  most  frequently 
deleted  regions  in  sporadic  breast  carcinoma  (Seitz  et  al.,  2001).  The  marker  D17S796  resides 
between  the  marker  D17S938  and  TP53,  and  D17S796  is  located  approximately  2kb  from 
D17S938.  Allelic  imbalances  in  the  17pl3.2  region  have  been  identified  by  others  investigators 
in  atypical  ductal  hyperplasia  and  in  situ  ductal  carcinoma  of  the  breast  (Lakhani  et  al,  1995). 
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Furthermore,  a  high  frequency  of  LOH  was  detecting  in  hepatocellular  tumors  with  the  marker 
D17S796  (Suzuki  et  al.,  2000). 

The  marker  D17S796  is  approximately  1.5cM  upstream  of  the  tumor  suppressor  gene  TP53,  and 
the  DEFCAP  gene  (death  effector  filament-forming  Ced-4-like  apoptosis  protein)  is  1.1  cM 
downstream  from  D17S796.  The  DEFCAP  protein  contains  a  caspase  recruitment  domain,  and 
it  has  been  shown  that  its  overexpression  in  MCF7  cells  induces  apoptosis  (Hlaing  et  al.,  2001). 
Others  genes  near  the  marker  D17S796  axe  the  LOC342530  and  AIPL1  (aryl  hydrocarbon 
receptor  interacting  protein-like  1). 

Note  (Dr  Testa)  :  Reviewers  will  certainly  expected  you  to  state  whether  you  saw  any 
mutations  of  TP53  and/or  altered  protein  expression  in  BP1E  cells. 

Collectively,  these  data  indicate  that  17pl3.2  near  the  marker  D17S796  contains  one  or  more 
tumor  suppressor  genes  that  when  inactivated  is/are  associated  with  cell  transformation.  In  vitro, 
the  transformed  phenotype  is  characterized  by  increased  cell  proliferation,  colony  formation  in 
semisolid  media,  and  loss  of  the  ability  to  from  ductules  in  collagen  matrix  which  and  in  vivo 
has  been  associated  with  ductal  hyperplasia  and  carcinoma  in  situ  of  the  breast  (Lakhani  et  al, 
1995),  consistent  with  early  stages  of  breast  cancer. 
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Figure  1.  Comparative  growth  rates  in  vitro  among  MCF-10F,  BP1E  and  BPlE-17neo  cells. 
The  doubling  time,  estimated  from  the  growth  curves,  was  significantly  higher  for  BPlE-17neo 
(24)  than  for  BP1E  (16h).  The  doubling  time  for  BPlE-17neo  was  similar  to  MCF10F  (24.6h). 

Figure  2.  Colony  formation  in  agar  methocel.  A)  MCF-10F,  B)  BP1E  and  C)  BPlE-17neo  cells. 
The  number  and  size  of  the  colonies  were  determined  21  days  post-plating.  MCF-10F  and 
BP  IE- 17  neo  cells  did  not  form  colonies  although  BP  IE  cells  formed  colonies  over  100  jum  in 
diameter.  Magnification:  10X 

Figure  3.  Ductulogenesis  assay  in  collagen  matrix.  A)  MCF-10F,  B)  BP1E  and  C)  BPlE-17neo 
cells.  MCF-10F  and  BP1E-17  neo  cells  formed  ductule-like  structures  in  collagen,  whereas 
BP  IE  cells  did  not.  Magnification:  10X 

Figure  4.  Karyotypic  and  CGH  analysis  of  MCF-10F,  BP1E  and  BPlE-17neo  cells. 

Differences  among  the  cell  lines  are  shown.  In  the  three  cell  lines,  the  arrow  on  chromosome  1 
shows  the  extra  material  at  lp34  present  in  the  three  cell  lines.  The  arrows  on  chromosome  3  and 
chromosome  9  indicated  the  translocated  regions  between  these  chromosomes.  The 
isochromosome  10  present  in  BP1E  and  BPlE-17neo  are  also  indicated.  The  extra  chromosome 
17  present  only  in  BPlE-17neo  is  also  indicated.  Vertical  green  lines  on  the  right  of  each 
chromosome  in  the  CGH  analysis  represent  gains,  whereas  red  vertical  lines  on  the  left  indicate 
loss  of  genetic  material. 
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In  addition  to  a  common  functionally  significant  polymorphism  at  codon 
72,  the  p53  tumor  suppressor  gene  also  contains  a  rarer  coding  region 
polymorphism  at  amino  acid  47.  Wild  type  p53  encodes  proline  at  this  residue 
(P47),  but  in  approximately  1%  of  African  Americans  this  amino  acid  is  serine 
(S47).  Phosphorylation  of  a  neighboring  residue,  serine  46,  is  critical  for  p53's 
ability  to  induce  programmed  cell  death;  one  responsible  kinase  is  the  proline- 
directed  kinase  p38  Map  kinase  (refs).  We  reasoned  that  the  codon  47 
polymorphism,  which  replaces  the  proline  residue  critical  for  recognition  by  p38, 
might  have  decreased  phosphorylation  of  serine  46.  We  show  that  the  S47 
protein  is  a  poorer  substrate  for  phosphorylation  on  serine  46  by  p38,  and  has 
decreased  ability  to  induce  apoptosis  in  vivo  compared  to  wild  type  p53. 
Mechanistically,  this  is  the  result  of  decreased  ability  to  transactivate  two  p53- 
target  genes,  p53AIPl  and  PUMA.  The  combined  data  indicate  that,  like  the 
codon  72  polymorphism,  the  codon  47  polymorphism  of  p53  is  functionally 
significant,  and  may  play  a  role  in  cancer  risk  and  efficacy  of  therapy. 

The  serine  47  (S47)  polymorphism  in  the  p53  tumor  suppressor  gene  was 
first  described  eleven  years  ago  (ref).  In  that  study,  no  functional  differences 
were  found  between  the  S47  and  wild  type  p53  proteins.  However,  the  ability  to 
induce  apoptosis  was  not  assessed,  and  this  study  was  performed  before  it  was 
known  that  phosphorylation  of  serine  46  was  critical  for  that  function.  In  a  small 
sample  number,  the  S47  polymorphism  was  found  in  less  than  5%  of  African 
Americans,  and  not  at  all  in  Caucasians  (ref).  Before  embarking  on  a  functional 
study  of  this  polymorphic  variant,  we  reasoned  that  its  low  allele  frequency, 
combined  with  its  proximity  to  another  polymorphic  residue  at  codon  72, 
indicated  that  S47  might  exist  in  linkage  disequilibrium  with  a  particular  codon 
72  variant  (P72  or  R72).  To  address  this  issue  we  analyzed  both  p53 
polymorphisms  in  genomic  DNA  isolated  from  200  healthy  African  Americans. 
We  found  four  individuals  who  were  heterozygous  for  the  S47  variant,  for  an 
allele  frequency  of  1%.  Notably,  in  all  four  cases  these  individuals  were 
homozygous  for  proline  at  72.  This  indicated  that  the  S47/P72  allele  was  a 
relevant  allele  to  study  in  a  functional  analysis.  Therefore,  we  focused  this  study 


on  the  function  of  the  S47/P72  protein,  which  we  designate  S47,  and  compare  it 
to  the  P72  protein,  which  we  designate  wild  type  (wt). 

In  order  to  assess  the  impact  of  the  S47  polymorphism  on  serine  46 
phosphorylation  by  the  proline-directed  kinase  p38,  we  created  GST  fusion 
proteins  encoding  p53  amino  acids  1-92  encoding  wild  type  p53  (P72)  or  the  S47 
variant.  Additionally,  we  constructed  a  synthetic  mutant  that  could  not  be 
phosphorylated  on  serine  46  (A46).  These  fusion  proteins  were  used  in  in  vitro 
kinase  assays  using  purified,  active  p38  kinase.  Because  serine  33  of  p53  can  also 
be  phosphorylated  by  p38  (ref),  we  generated  these  proteins  with  serine  33 
mutated  to  alanine  (S33A),  in  order  to  reduce  background;  however,  identical 
results  were  obtained  in  the  serine  33  background  as  well  (see  below).  Equal 
microgram  amounts  of  each  GST  fusion  protein,  compared  to  GST  alone  and  a 
positive  control  (myelin  basic  protein,  MBP)  were  incubated  with  equal  units  of 
purified  active  p38  kinase  and  y32P-ATP.  As  depicted  in  Figure  1,  the  S47 
recombinant  protein  was  phosphorylated  approximately  2-fold  less  well  than 
wild  type  p53  protein,  while  the  A46  variant  was  undetectably  phosphorylated 
(Fig  1  A).  Coomassie  staining  of  the  input  proteins  confirmed  equal  loading  and 
purity  of  the  substrate  (Fig.  IB).  Comparable  results  were  obtained  without 
mutation  of  serine  33  to  alanine,  except  the  basal  level  of  phosphorylation  of  all 
three  proteins  was  higher  (see  Supplementary  Fig.  1). 

To  determine  if  the  S47  polymorphism  alters  p53  function  in  vivo,  we 
generated  stably-transfected  cell  lines  containing  wild  type  p53  (wt),  the  S47 
variant,  and  the  A46  mutant.  These  p53  variants  were  generated  in  the 
background  of  the  temperature  sensitive  version  of  p53  encoding  valine  at  amino 
acid  138.  This  mutant  of  p53  is  widely  used  and  well  characterized;  the  p53 
protein  is  denatured  and  inactive  when  cells  are  cultured  at  39  degrees,  but 
temperature  shift  of  cells  to  32  degrees  results  in  wild  type  p53  conformation  and 
apoptosis  induction  (ref).  Stably  transfected  cell  lines  were  generated  in  the 
human  lung  adenocarcinoma  line  H1299.  This  p53-null  cell  lines  was  chosen 
because  it  contains  high  levels  of  constitutively  active  p38  kinase,  as  determined 
by  western  blotting  using  antisera  specific  for  the  active  enzyme  (X.  Li  and  M. 


Murphy,  unpublished  observations).  Twenty  independent  dones  were 
generated  for  each  variant  (wt,  S47  and  A46),  and  two  dones  of  each  were 
selected  based  upon  western  analysis  that  revealed  comparable  levels  of  p53 
protein  (Fig.  1C).  These  six  dones  were  analyzed  for  apoptosis  induction 
following  temperature  shift  using  the  Guava  personal  Cell  Analysis  machine 
(Guava  PCA),  which  is  a  flow  cytometer  that  performs  multiple  quantitative 
assays  for  apoptosis.  As  depicted  in  Figure  1C,  TUNEL  analysis  in  these  cell 
lines  after  temperature  shift  indicated  that  the  S47  variant  routinely  had  a  2  to  5- 
fold  decreased  ability  to  induce  apoptosis,  relative  to  wt  p53.  As  predicted  by 
previous  studies,  the  A46  mutant  was  also  significantly  compromised  for 
apoptosis  induction  (Fig.  1C).  This  difference  was  consistent  and  statistically 
significant  (pcO.Ol),  and  this  difference  was  recapitulated  using  independent 
assays  (for  example,  caspase  activation,  see  Supplemental  Fig.  2).  To  confirm 
these  findings  in  another  cell  background,  we  generated  stably-transfected  wt 
and  S47  cell  lines  in  the  p53-null  osteosarcoma  cell  line  Saos2.  Again,  clones 
were  selected  that  contained  equivalent  levels  of  p53.  For  this  comparison  we 
also  included  a  Saos2  cell  line  containing  temperature-sensitive  R72;  in  this  way, 
all  three  polymorphic  variants  of  p53  could  be  compared  for  apoptosis  induction 
(S47,  P72  and  R72).  As  shown  in  Figure  ID,  in  the  cellular  background  of  Saos2, 
the  S47  variant  has  over  2-fold  decreased  ability  to  induce  apoptosis  compared  to 
P72  (p=  0.01),  and  over  7-fold  decreased  ability  when  compared  to  R72  (p<0.001). 

To  measure  the  timing  of  apoptosis,  we  performed  a  time  course  in  three 
selected  lines  (clones  wt-4,  S47-8  and  A46-8  from  Fig.  1C)  following  p53 
induction  in  the  presence  of  genotoxic  stress.  For  this  analysis,  cells  were  treated 
with  gamma  radiation  to  enhance  apoptosis,  and  apoptosis  was  measured  by  the 
appearance  of  the  85  kDa  caspase  cleavage  product  of  Poly(ADP)  ribose 
polymerase  (PARP).  Differences  between  wt  p53,  S47  and  A46  in  apoptosis 
induction  could  be  seen  at  all  time  points,  though  at  later  time  points  the 
difference  in  apoptosis  was  more  marked  (up  to  10-fold  decrease  for  S47  at  24 
hours).  Comparable  results  were  obtained  in  the  presence  of  ultra-violet  light  as 
a  source  of  DNA  damage  (not  shown).  Interestingly,  these  differences  did  not 
appear  to  reflect  significant  differences  in  the  transcriptional  activities  of  these 


p53  variants,  as  the  induction  of  the  p53  target  gene  MDM2  appeared 
indistinguishable  in  all  three  clones  at  all  time  points  (Fig.  2A). 

In  efforts  to  compare  the  phosphorylation  pattern  of  the  S47  variant  to  wt 
p53,  we  used  antisera  specific  for  p53  phosphorylated  at  serines  15, 20, 46  and 
392.  Western  analysis  of  our  stably  transfected  H1299  clones  revealed  no 
difference  in  the  phosphorylation  pattern  on  serines  15  or  392  between  the  wt, 

S47  and  A46  proteins.  As  expected,  there  were  marked  differences  in  S46 
phosphorylation  between  these  variants,  though  we  cannot  rule  out  the 
possibility  that  the  S47  change  alters  the  epitope  for  this  antibody.  Interestingly, 
there  were  also  consistent  differences  in  serine  20  phosphorylation  between  these 
variants;  specifically,  the  S47  variant  had  a  2-3  fold  decrease  in  serine  20 
phosphorylation,  and  A46  had  a  10-fold  decrease  (Fig.  2B).  Though  serine  20 
phosphorylation  has  in  some  studies  been  linked  to  the  transactivation  potential 
of  p53,  we  saw  no  evidence  of  this,  and  the  ability  of  S47  and  A46  variants  to 
transactivate  MDM2  and  p21  /  wafl  was  indistinguishable  from  wt  (Fig.  2C). 

The  combined  data  support  the  hypothesis  that  the  S47  variant  has 
decreased  ability  to  be  phosphorylated  on  serine  46  by  p38,  and  potentially  also 
serine  20,  leading  to  decreased  ability  to  induce  apoptosis.  To  test  this 
hypothesis  further,  we  treated  our  inducible  H1299  clones  with  the  well- 
characterized  inhibitor  of  p38,  SB-203580.  Following  treatment  we  measured  p53 
phosphorylation  by  immunoblot,  as  well  as  apoptosis  induction.  As  expected, 
SB-203580  effectively  inhibited  serine  46  phosphorylation  of  wild  type  p53 
(Figure  3A,  compare  lanes  4  and  7  for  S-46),  despite  the  fact  that  some  p53  was 
already  phosphorylated  on  serine  46  prior  to  temperature  shift  (lane  1).  TUNEL 
analysis  of  treated  cells  indicated  that  the  p38  inhibitor  SB-203580  also 
dramatically  inhibited  apoptosis  induced  by  wt  p53,  bringing  it  to  levels 
comparable  to  the  untreated  S47  variant  (Fig.  3B).  The  residual  levels  of  serine  46 
phosphorylation  and  apoptosis  in  cells  with  wild  type  p53  cells  likely  reflects 
phosphorylation  of  this  residue  by  another  kinase,  such  as  Hipk2,  which  is  also 
known  to  target  serine  46  (ref).  Interestingly,  analysis  of  serine  20 
phosphorylation  of  wt  p53  also  revealed  consistent  decreases  in  serine  20 


phosphorylation  (Fig,  3A,  S-20).  In  contrast,  phosphorylation  of  serine  20  was 
unaffected  by  SB-203580  in  the  S47  and  A46  lines,  suggesting  that  serine  20 
phosphorylation  may  rely  on  previous  phosphorylation  of  S46.  This  is  consistent 
with  work  from  two  other  groups,  who  have  previously  shown  that 
phosphorylation  of  serine  46  facilitates  phosphorylation  of  other  N-terminal 
residues  of  p53,  including  serine  20  (refs).  Similar  results  were  obtained  in  MCF- 
7  cells  (endogenous  wt  p53)  treated  with  ultra-violet  light  to  stimulate  p38- 
mediated  phosphorylation  of  serine  46.  In  these  cells,  tire  p38  inhibitor  SB- 
203580  inhibited  serine  46  phosphorylation  2-fold,  leading  to  a  comparable  2-fold 
decrease  in  serine  20  phosphorylation  (S-20)  and  decreased  apoptosis  (p85- 
PARP,  Fig.  3C). 

It  has  been  reported  that  serine  46  phosphorylation  is  not  required  for  the 
full  ability  of  p53  to  transactivate  the  majority  of  target  genes;  however,  at  least 
one,  the  pro-apoptotic  target  gene  p53AIPl,  requires  this  phosphorylation  event 
for  transactivation  (ref).  As  shown  in  Figure  4A,  analysis  of  poly-adenylated 
RNA  isolated  from  our  inducible  cell  lines  indicated  that  there  was  a  modest 
induction  of  p53AIPl  in  cells  containing  wt  p53,  but  no  evidence  for  induction  in 
lines  containing  the  S47  or  A46  variants.  Analysis  of  other  p53  target  genes  in 
these  cells  revealed  no  difference  in  the  ability  of  these  variants  to  transactivate 
the  p53  response  genes  Killer /DR5,  Gadd45,  p21  /  wafl,  Mdm2  or  bax,  or  to 
repress  the  genes  encoding  survivin  or  cyclin  B1  (Fig.  4B).  Interestingly, 
however,  there  was  a  consistent  2-fold  decrease  in  the  ability  of  the  S47  and  A46 
variants  to  transactivate  the  p53  response  gene  PUMA  (Fig.  4B).  To  analyze  this 
further,  we  performed  western  analysis  for  PUMA  in  cells  shifted  in  a  time 
course  experiment.  This  analysis  confirmed  that  the  S47  variant  had  a  decreased 
level  of  PUMA  induction  (2-fold  less  at  8  hours,  5-fold  less  at  24  hours).  These 
levels  correlated  with  decreased  apoptosis,  as  measured  by  the  appearance  of 
p85-PARP  (Fig.  4C).  Along  these  lines,  incubation  with  the  p38  inhibitor  SB- 
203580  effectively  impaired  the  ability  of  wt  p53  to  transactivate  PUMA  in  MCF- 
7  cells  (see  Supplementary  Fig.  3).  Consistent  with  these  results,  we  found  that 
the  S47  and  A46  variants  of  p53  possessed  5  to  10  fold  decreased  ability  to 


transactivate  a  reporter  gene  driven  by  the  PUMA  promoter  (Fig.  4D)  but  not  the 
MDM2  promoter  (not  shown). 

Our  data  are  consistent  with  the  hypothesis  that  decreased 
phosphorylation  of  serine  46,  and  possibly  also  serine  20,  at  the  amino  terminus 
of  the  S47  variant  impairs  its  ability  to  induce  apoptosis,  and  to  transactivate  the 
known  pro-apoptotic  p53  target  genes  p53 AIP1  and  PUMA.  In  contrast,  we  have 
seen  no  differences  in  the  ability  of  S47  to  bind  to  DNA,  repress  gene  expression, 
induce  G1  arrest,  or  traffic  to  mitochondria  (X.  Li  and  M.  Murphy,  unpublished 
observations).  Notably,  transcription  of  the  PUMA  gene  has  been  reported  to  be 
uniquely  sensitive  to  phosphorylation  at  the  N-terminus  of  p53  (ref). 
Additionally,  while  the  changes  in  PUMA  transactivation  by  S47  appear  to  be 
only  2-4  fold,  PUMA  transactivation  is  known  to  be  particularly  critical  for 
apoptosis  induction  by  p53  (ref).  In  fact,  the  heterozygous  PUMA  knock-out 
mouse,  with  approximately  2-fold  less  PUMA,  has  a  marked  defect  in  apoptosis 
compared  to  wild  type  (ref).  The  combined  data  indicate  that  there  are  two 
polymorphisms  in  p53  that  are  functionally  significant,  at  codons  47  and  72. 
Interestingly,  both  variants  with  decreased  apoptotic  potential  (P72  and  S47)  are 
more  prevalent  in  African  American  populations,  suggesting  that  the  selection 
for  these  variants  may  occur  as  a  response  to  high  exposure  to  ultraviolet  light, 
which  has  been  suggested  (ref).  It  remains  to  be  determined  if  the  S47 
polymorphism  has  an  impact  on  cancer  risk  or  the  efficacy  of  chemo-and 
radiation  therapy,  or  if  the  ethnic  bias  of  this  polymorphism  in  part  explains 
some  of  the  differences  in  cancer  risk  between  Caucasian  and  African  American 
populations. 


Methods 


Plasmid  Construction 

The  human  p53  cDNA  construct  encoding  temperature  sensitive  p53 
(valine  138,  ref)  was  modified  by  site-directed  mutagenesis  using  Stratagene's 
Quick-Change  Kit.  The  A46  p53  mutant  was  made  by  introducing  alanine  at 
codon  46  using  primers:  5'-GATTTGATGCTGGCCCCGGACGATATTG-3'  and 
5'-CAATATCGTCCGGGGCCAGCATCAAATC-3'.  The  S47  p53  polymorphic 
variant  was  made  by  introducing  serine  at  codon  47  using  primers:  5'- 
GATTTGATGCTGTCCTCGGACGATATTGAAC-3'  and  5'- 
GTTCAATATCGTCCGAGGACGACATCAAATC-3'.  These  mutations  were 
confirmed  by  DNA  sequencing.  All  p53  constructs  have  proline  at  codon  72.  The 
GST-p53  construct  contains  amino  acids  1-92  in  the  pGEX-4T-3  vector  was  also 
modified  as  described  above.  In  addition,  the  GST-p53(l-92)  was  mutated  by 
introducing  alanine  at  codon  33  using  primer:  5'- 
AAGAACGTTCTGGCCCCCTTGCCGTCC-3'  and  5'- 
GGACGGCAAGGGGGCCAGAACGTTCTT-3' 

Cell  culture,  p53  induction 

The  H1299  and  Saos2  cell  lines  containing  temperature-sensitive  p53  were 
generated  by  stable  transfection  with  CMV  promoter-driven  human  p53  cDNA 
containing  the  temperature-sensitive  Vall38  mutation.  The  ts  H1299  and  Saos2 
cells  were  maintained  at  39°C  in  Dulbecco's  Modified  Eagle  medium  (DMEM) 
supplemented  with  10%  fetal  bovine  serum  (FBS),  100  U/mL  penicillin  and 
streptomycin,  and  400pg/ mL  (SaoS2)  or  800|rg  / mL  (H1299)  G418  in  a  5%  C02 
humidified  atmosphere.  For  temperature  shift  and  p53  induction,  cells  were 
plated  at  2x1 06  cells  per  100-mm  plate  and  either  shifted  to  32°C  (active  p53)  or 
maintained  at  39°C  (mutant  conformation  p53).  The  p53-null  lung  cancer  cell 
line  H1299  and  the  breast  cancer  cell  line  MCF7  were  maintained  at  37°C  in 
DMEM  supplemented  with  10%  FBS  and  100  U/mL  penicillin  and  streptomycin 
in  a  5%  C02  humidified  atmosphere.  For  experiments  with  the  p38  kinase 
inhibitor,  cells  were  incubated  with  SB-203580  (Upstate  Biotechnology)  to  a  final 


concentration  of  40  uM,  or  vehicle  alone  (DMSO)  for  30  minutes  prior  to 
temperature  shift  or  irradiation.  Cells  were  irradiated  with  7.5  J/m2  of  UV-C 
with  a  Spectroline  X  series  UV  lamp,  and  output  was  measured  with  a  traceable 
UV  light  meter  (Fisher  Scientific). 

Western  and  Northern  analysis 

Cells  were  lysed  in  Nonidet  P40  buffer  (50mM  Tris,  pH  8.0, 5mM  EDTA, 
150mM  NaCl,  0.5%  Nonidet-P40,  ImM  phenylmethylsulfonyl  fluoride,  lOpg/mL 
pepstatin  A,  lOpg  /  mL  aprotinin  and  5jrg/  mL  leupeptin).  The  protein 
concentration  was  determined  using  the  Bio-Rad  Dc  assay  kit  (BioRad).  Equal 
amounts  of  protein  were  loaded  on  a  Nupage  Novex  10%  Bis-Tris  gel 
(Invitrogen).  Gels  were  transferred  overnight  onto  Immurio-blot  PVDF 
membrane  (BioRad)  at  4°C.  The  membrane  was  blocked  with  phosphate- 
buffered  saline  (PBS)  supplemented  with  0.2%  Tween-20  and  5%  nonfat  dry  milk 
for  10  min.  Primary  antibody  was  incubated  for  lh  at  room  temperature  or 
overnight  at  4°C.  Antisera  for  p53  (Ab-6,  Calbiochem),  phospho-p53  (Cell 
Signalling),  PUMA  (Oncogene  Sciences)  were  used  at  1:1000  dilution,  and  for 
cleaved  PARP  (p85PARP,  Promega)  was  used  at  1:400  dilution.  The  membrane 
was  then  washed  3  times  for  15  min  using  PBS  containing  0.2%  Tween-20  (PBST), 
followed  by  a  lh  incubation  with  peroxidase-conjugated  secondary  antibody 
(Jackson  Immunoresearch  Laboratories),  and  then  washed  3  times  for  20  min 
using  PBST.  The  proteins  were  detected  by  chemiluminescence  using  the  ECL 
Western  Blotting  Detection  Reagents  (Amersham  Biosciences). 

For  analysis  of  RNA,  cells  were  harvested  24  hrs  after  temperature  shift. 
Total  RNA  was  prepared  using  Trizol  (Gibco-BRL)  or  via  cesium  chloride, 
gradients,  as  described  (ref).  Polyadenylated  RNA  was  purified  from  cesium 
gradient  total  RNA  using  Poly  A  Quick  columns,  as  per  the  manufacturer 
(Stratagene).  Eight  micrograms  of  total  RNA,  or  two  micrograms  polyA  RNA 
were  resolved  by  denaturing  agarose  gel  electrophoresis  and  transferred  onto  a 
nylon  membrane,  as  described  (ref).  The  membrane  was  hybridized  with  probes 
and  exposed  to  an  X-ray  film  as  described  (ref). 


Preparation  of  GST  fusion  proteins  and  in-vitro  p38  kinase  assay 

After  a  6h  induction  with  O.lmM  IPTG,  the  BL21  cells  were  centrifuged 
and  the  pellet  was  resuspended  in  STE  buffer  supplemented  with  protease 
inhibitors  (lOmM  Tris,  pH  8.0, 150mM  NaCl,  ImM  EDTA,  ImM 
phenylmethylsulfonyl  fluoride,  and  10  pg/mL  aprotinin)  and  incubated  on  ice 
for  15  minutes.  The  lysate  was  brought  to  5mM  DTT  and  1.5%  Sarkosyl, 
sonicated  three  times  for  30sec  and  centrifuged  at  10,000g  for  15  min.  The 
supernatant  was  adjusted  to  2%  Triton  X-100  and  incubated  at  4°C  for  15  min. 
Glutathione-Sepharose  4B  beads  were  added  as  per  die  manufacturer 
(Amersham  Biosciences)  and  incubated  for  30  minutes  at  4°C.  The  GST- 
p53/glutathione-sepharose  complex  was  washed  3  times  with  20  volumes  of  PBS 
and  eluted  from  the  beads  with  lOmM  reduced  glutathione  in  50mM  Tris-HCl, 
pH  8.0.  The  GST-p53  proteins  were  concentrated  using  Microcon  columns  as  per 
the  manufacturer  (Millipore). 

For  the  in  vitro  kinase  reactions,  twenty  micrograms  of  purified  GST-p53 
(wt,  S47  or  A46)  or  myelin  basic  protein  (MBP)  was  mixed  with  lOpL  ADBI 
buffer  (20mM  Tris,  pH  7.4,  20mM  p-glycerol  phosphate,  5mM  EGTA,  ImM 
Na3V04,  ImM  DTT  and  20mM  MgCl2),  0.6  mM  cold  ATP,  20  pCi  [y32P]  ATP 
(NEN),  and  100  ng  active  p38|32  (Upstate  Biotechnology).  After  a  15  min 
incubation  at  30°C,  the  reaction  was  stopped  by  adding  Lithium  Dodecyl  Sulfate 
and  boiling  for  10  min.  Then  the  samples  were  loaded  on  a  Nupage  Novex  10% 
Bis-Tris  gel  (Invitrogen),  and  the  gel  was  dried  and  exposed  to  an  X-ray  film. 

Apoptosis  assays 

Temperature-sensitive  HI 299  clones  were  seeded  onto  6- well  plates  at  a 
density  of  500,000  cells  per  well.  Saos2  cells  were  plated  at  250,000  cells  /  100-mm 
plate.  Cells  were  shifted  to  32°C  and  harvested  at  the  times  indicated  after 
temperature  shift.  Control  cells  were  maintained  at  39°C.  TUNEL  or  multi- 
caspase  assays  were  conducted  using  the  Guava  Personal  Cytometer  (Guava 
Technologies)  following  the  manufacturers  protocol.  Briefly,  for  the  TUNEL 


assay,  cells  were  trypsinized  and  resuspended  in  1%  paraformaldehyde.  After  a 
lh  incubation  on  ice,  cells  were  spun  down  at  300g  for  5  min,  washed  twice  with 
PBS  and  fixed  overnight  with  70%  ethanol.  The  next  day,  the  cells  were  labeled 
with  BrdU  and  analyzed.  For  the  multi-caspase  assay,  cells  were  trypsinized, 
washed  with  PBS  and  incubated  with  SR-VAD-FMK  and  7-AAD  before  analysis 
on  the  Guava  flow  cytometer. 

Luciferase  Assays 

The  Puma  promoter  was  cloned  from  human  genomic  DNA  (Promega) 
using  Superscript  RT-PCR  (Invitrogen)  and  cloned  into  pCDNA  3.1D/ V5-HIS 
Topo  Expression  Vector  (Invitrogen).  The  following  primers  were  used:  5'- 
CACCGAA7TCGCGACTGTG-3'  and  5'-GCTAGCGCCCCCGCGTGACGC-3' 
(nucleotides  in  italics  represent  engineered  restriction  sites  Eco  R1  and  Nhe  1, 
respectively).  The  promoter  was  then  subcloned  into  the  luciferase  reporter 
vector  pGL3-ElbTATA,  provided  by  James  Manfredi  (Mount  Sinai  School  of 
Medicine).  H1299  cells  were  plated  in  triplicate  into  six  well  plates  (60,000 
cells  /  well)  and  allowed  to  grow  overnight.  Each  p53  construct  or  empty  vector 
(CMV-neo-Bam)  was  added  in  increasing  concentration  to  250ng  Puma  pGL3- 
ElbTATA  and  5ng  of  pCMV  Renilla  were  transfected  into  cells  using  FUGENE 
(Roche).  24h  after  transfection  cells  were  harvested,  lysed  and  analyzed 
according  to  the  manufacturer's  protocol  (Promega).  Samples  were  analyzed  on 
a  Monolight  2010  luminometer  (Analytical  Luminescence  Laboratory). 
Luciferase  activity  was  normalized  to  Renilla  luciferase  activity.  Fold  induction 
was  obtained  by  dividing  the  normalized  values  with  the  average  value  of 
normalized  p53  -/  -  sample. 
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Figure  Legends 


Figure  1.  The  S47  polymorphic  variant  of  p53  is  phosphorylated  less  well  by  p38 
Map  kinase,  and  has  decreased  ability  to  induce  apoptosis  in  vivo. 

A,  B.  GST  fusion  proteins  containing  amino  acids  1-92  of  human  p53  were 
generated  that  contain  wild  type  p53  (wt,  proline  at  amino  add  72),  serine  at 
amino  add  47  (S47)  or  alanine  at  46  (A46,  cannot  be  phosphorylated  by  p38),  all 
in  the  background  of  alanine  33.  In  vitro  kinase  reactions  were  performed  using 
purified,  active  p38{32  kinase  and  run  on  SDS-PAGE.  In  B,  the  loading  and 
purity  of  GST  fusion  proteins  is  indicated  by  Coomassie  staining;  BSA  is 
included  as  a  standard.  MBP=  myelin  basic  protein. 

C,  D.  TUNEL  assay  results  from  individual  dones  of  cells  stably  transfected  with 
indudble  versions  of  p53,  as  indicated.  Western  analysis  for  total  p53  in  each 
done  is  indicated  in  the  inset.  Values  of  TUNEL  positive  cells  are  given  at  39 
degrees  (mutant  p53)  and  32  degrees  (wild  type  p53  conformation)  following 
twenty-four  hours  of  temperature  shift.  Values  given  are  the  mean  +/-  SD  from 
three  independent  experiments,  p  values  reflect  comparison  to  clone  wt-4.  In  D, 
clones  of  Saos2  cells  stably  transfeded  with  each  p53  polymorphic  variant  (R72, 
P72  and  S47)  are  analyzed  by  western  analysis  for  p53  level  (see  inset)  and  for 
TUNEL  positive  cells  after  twenty-four  hours  of  temperature  shift.  Values  are 
expressed  as  the  mean  +/-  SD.  p  values  are  given  for  each  cell  line  (R72  and  S47) 
compared  to  P72. 


Figure  2.  The  S47  variant  has  reduced  apoptotic  ability  after  genotoxic  stress, 
and  decreased  phosphorylation  on  Serines  46  and  20. 

A.  Western  analysis  of  p53  level,  MDM2  induction,  and  apoptosis  (appearance 
of  the  caspase-cleaved  form  of  poly  (ADP)  ribose  polymerase,  p85-PARP)  in  cells 
harvested  at  the  indicated  timepoints  after  temperature  shift.  Prior  to 
temperature  shift,  cells  were  exposed  to  6Gy  of  radiation.  The  clones  depicted 
are,  from  Fig.  1C,  wt-4,  S47-8,  and  A46-8.  39  degrees  is  mutant  (inactive)  p53, 
and  32  degrees  is  wild  type  conformation  and  activity.  Levels  of  (3-actin  are 
included  as  a  loading  control. 

B.  Western  analysis  for  p53  level,  apoptosis  (p85-PARP)  and  phosphorylated 
serines  46,  20, 15  and  392,  using  phospho-specific  antisera  (Cell  Signaling).  Cells 
were  temperature  shifted  for  24  hours. 

C.  Western  analysis  of  the  same  lysates  used  in  (B)  for  transactivation  of  the  p53 
target  genes  p21  and  MDM2.  Levels  of  (3-actin  are  included  as  a  loading  control. 


Figure  3.  The  p38  inhibitor  SB-203580  inhibits  phosphorylation  of  p53  serine  46 
and  serine  20,  and  abrogates  p53-dependent  apoptosis. 

A.  Western  analysis  of  H1299  clones  containing  the  indicated  inducible  proteins 
(wt,  S47  and  A46)  treated  with  the  p38  inhibitor  SB-203580  or  vehicle  alone 
(dimethyl  sulfoxide,  DMSO)  and  temperature-shifted  to  32  degrees  to  induce 
wild  type  p53  conformation.  Cells  were  pre-treated  for  30  minutes  with  kinase 
inhibitor  prior  to  temperature  shift.  The  data  depicted  are  representative  of  three 
independent  experiments. 

B.  Quantitation  of  apoptosis  using  the  Guava  Personal  Cell  Analysis  machine 
(Guava  PCA).  TUNEL  assay  was  performed  on  the  inducible  H1299  clones 
indicated  24  hours  after  temperature  shift;  cells  were  pre-treated  for  30  minutes 
prior  to  temperature  shift  with  p38  kinase  inhibitor  (SB-203580)  or  vehicle  alone 
(DMSO). 

C.  Western  analysis  of  asynchronously  growing  MCF-7  breast  carcinoma  cells 
treated  with  ultra-violet  light  (7.5  J/ m2)  and  harvested  after  the  times  indicated; 
cells  were  pre-treated  for  30  minutes  with  SB-203580  to  a  final  concentration  of  40 
uM  before  harvesting  and  western  analysis  with  the  antisera  indicated. 


Figure  4.  The  S47  variant  has  impaired  ability  to  transactivate  the  p53-response 
genes  p53AIPl  and  PUMA. 

A.  Northern  analysis  of  2  ug  polyadenylated  RNA  isolated  from  the  inducible 
H1299  clones  indicated,  and  probed  with  cDNA  specific  for  p53AIPl  and  gapdh 
(glyceraldehyde  3  phosphate  dehydrogenase);  temperature  shift  is  for  24  hours. 

B.  Northern  analysis  of  total  RNA  isolated  from  the  H1299  clones  indicated, 
following  24  hours  of  temperature  shift.  Results  are  representative  of  3 
independent  experiments.  Densitometry  indicates  a  consistent  2-fold  decrease  in 
PUMA  level  in  S47  and  A46.  Gapdh  is  included  as  a  control  for  loading  and 
integrity. 

C.  Western  analysis  of  a  time  course  of  p53  induction  in  the  H1299  clones 
indicated  for  p53  level,  apoptosis  (p85-PARP)  and  PUMA  level.  Levels  of  p-actin 
are  included  as  a  loading  control. 

D.  Analysis  of  the  fold  induction  of  lucif erase  activity  in  cells  transfected  with  a 
PUMA-driven  luciferase  reporter  (PUMA-luciferase)  along  with  a  co-transfected 
Renilla  luciferase  control.  Numbers  depicted  represent  the  fold  increase  over 
cells  transfected  with  PUMA-ludferase  alone,  in  the  absence  of  p53.  Data 
depicted  represent  three  independent  experiments,  with  standard  deviation. 


Supplemental  Figures 


Figure  1.  The  S47  variant  is  a  poorer  substrate  for  phosphorylation  of  active  p38 
kinase. 

A,  B.  The  indicated  GST  fusion  proteins  (amino  adds  1092  of  p53)  were  used  as 
substrates  for  phosphorylation  by  active,  purified  p38  kinase.  Myelin  basic 
protein  (MBP)  is  used  as  a  positive  control,  and  GST  is  used  as  a  negative  control 
Coomassie  staining  of  input  substrates  is  included  in  B. 

Figure  2.  Induction  of  caspase  activity  in  cell  lines  containing  indudble  versions 
of  wild  type  p53  (wt),  S47  and  A46.  Levels  of  caspase  activity  in  uninduced 
samples  (39  degrees,  mutant  conformation  p53)  were  set  to  1,  and  the  fold 
increase  is  depicted.  Numbers  represent  the  results  from  three  independent 
experiments,  plus  standard  deviation.  Cells  were  temperature  shifted  for  24 
hours. 

Figure  3.  Western  analysis  of  PUMA  levels  in  MCF-7  cells  treated  with  7.5  J.m2 
of  UV-C  and  harvested  at  the  indicated  timepoints.  30  minutes  prior  to 
irradiation,  cells  were  treated  with  the  p38  inhibitor  SB-203580  or  vehicle  alone 
(DMSO). 


A  HI 299 

39/PMSO  32/DMSO  32/SB-203580 

wt  S47  A46wt  S47  A46wt  S47A46 


fold  increase 


GAPDH 


H1299  (temperature  shifted) 

0  8  16  0  24  hr 


Wt  S47  A46  wt  S47  A46  wt  S47  A46  wt  S47  A46  wt  S47  A46 


Luciferase  Assay  (PUMA-LUC) 


.008ng  .04ng  .2ng  Ing 


p53  concentration  (ng) 


Supplemental  Figures,  Li  et  al 


Supp.  Figure  1. 


A 


Supp.  Figure  2. 


Supp.  Figure  3. 


B 


1.5  1  0.6 

r. 

75-vj|* 

-«*  p-p53 

50-  -» 

35-sfi* . 

, *  ■  *'•  r*t  ;  V  /  •'  ■  • 

ty;.  *  ..  ’ : 

p-MBP 

iiLj 

& 

io-|§§J 

O' 


wt  S47  A46 


GST-p53 


<sss ttszi,. 


'■"‘-i:  f- 


2  5 1°4, s-j££ 

BSA(ug)  GST-p53 


GST-p53 

GST 

MBP 


MCF7  treated  with  UV 
0  6  12  24  hr 

SB-203580  -  +  -  +  -+-  + 

p53  /A* m 


PUMA  ***&&■-  ******  ***»*»•  4tt|# 


